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ABSTRACT

Joints are the major structural feature of concrete pavements, which play a major
role in the effective and efficient performance of pavements. The load transfer across
the transverse joints occurs mainly through dowel bars in jointed plain cement concrete
pavements (JPCPs). However, in whitetopping and short-panelled concrete pavements,
the joints are undowelled, and load transfer mainly occurs through aggregate
interlocking. In India, there are no specific guidelines available for the design of short-
panelled concrete pavements. In some of the projects, IRC SP:76-2015, which is the
guidelines for the design and construction of whitetopping, was followed to design and
construct short-panelled concrete pavements. The guideline IRC SP:76-2015 does not
account for the load transfer across the joint as a critical factor for the design. It is
assumed that the underlying pavement provides considerable support to the joints,
which improves the load transfer across the joint. However, it was reported that the
poor load transfer across the aggregate interlocked joints results in debonding with the
underlying bituminous layers in the case of whitetopping. The poor performance of
aggregate interlocking results in faulting, spalling and corner breaks in short-panelled
concrete pavements. Since, the performance of the whitetopping and short-panelled
concrete pavement depends on the performance of aggregate interlocked joints, the
parameters influencing the performance of aggregate interlocked joints have to be
evaluated at the design stage and at the time of service.

In the present study, a new test methodology is proposed to characterise the
shear transfer ability of aggregate interlocking in plain, micro and macro-fiber
reinforced pavement quality concrete (PQC) cylindrical specimens by conducting the
direct shear test in the laboratory. The influence of the nominal maximum aggregate
size (NMAS), fiber dosages and groove depth (GD) on shear strength (t), joint shear
stiffness (K), and fracture energy in mode - Il (Gir) of aggregate interlocking in
pavement quality concrete (PQC) mixes are studied under the static loading. A
relationship between Gyir and K is determined for each of the PQC mixes. Also, a shear
fatigue test is conducted at higher stress levels to evaluate the effect of NMAS, fiber
dosages and GD on the performance of aggregate interlocking in PQC specimens at the

grooved cross-section. Statistical analysis was carried out to understand the influence

Vi



of GD and stress levels on the fatigue performance of plain, micro, and macro-fiber
reinforced PQC mixes.

A small-scale test setup was developed to simulate the aggregate interlocking
of concrete pavements. The simulated test setup was used to evaluate the performance
of aggregate interlocking in terms of load transfer efficiency (LTE). The beam
specimens were utilised to carry out this test. The relationship between the relative
movement of the beam (difference in deflection of loaded and unloaded side) and LTE
is developed for each PQC mix and is compared with the field FWD results for
validation. The 3D FE models are also developed in ANSY'S for the two tests proposed
in this study. The 3-D finite element model results are in good agreement with the
experimental results for both proposed tests.

In the present study, an improvement to the existing analytical model is also
presented that can be used to compute the joint stiffness of white-topping pavements
directly from the FWD deflection data. Further, ANN models have been developed and
compared for the proposed and previously available analytical models in the literature.
The joint stiffness calculated from the ANN model developed from the proposed
analytical model is used as an input parameter in the FE model, and LTE is compared
with the field studies. The proposed ANN model is simple, efficient and accurate
enough to estimate the joint stiffness directly from FWD deflection data.

From the experimental tests carried out in this research work, it is concluded
that the proposed test methods can be used to evaluate undowelled joints in concrete
pavements. Also, from the laboratory studies, it is concluded that larger NMAS (31.5
mm) and dosage of macro-fiber (0.75%) can substantially improve the aggregate
interlocking in short panelled concrete pavements, and the use of fiber dosage up to 2.1
kg/m® micro-fibers can substantially improve the undowelled/aggregate interlocked

joint performance of whitetopping when compared to other dosages under study.

KEYWORDS: Aggregate Interlocking, ANN, Finite Element Model, Fracture Energy,
Groove Depth (GD), Joint Shear Stiffness, Macro-fiber, Micro-fiber, NMAS, PQC,

shear fatigue tests
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Joints are the major structural feature of cement concrete pavements, which play a vital
role in the effective and efficient performance of pavements. Joints are decisively
introduced discontinuities to control random cracking and facilitate the construction of
rigid pavements. The joints are considered to be a critical factor in the design of rigid
pavements. The main function of joints is to provide freedom of movement of the slab
relative to concrete volume changes due to drying shrinkage, temperature changes and
moisture differences (Tabatabaie et al. 1979). The load transfer across these joints
occurs either by aggregate interlocking, dowels, underlying base or through all of these.
The effective transferring of the load across the joints would result in lower deflections,
reduced faulting, spalling, corner breaks and improved riding quality (Maitra et al.
2009).

The three major types of joints in transverse directions of the concrete
pavements are contraction joints, construction joints and expansion joints. Contraction
joints are generally used to control the random cracking in the concrete pavement. They
are formed by introducing a weakened plane into the concrete and allowing the crack
to form at the weakened plane, whereas construction joints are required between lanes
of paving and where it is necessary to stop construction within a paving lane. Expansion
joints are used at the intersections of pavements with structures, and in some cases,
within pavements (Westall 1965; Yoder and Witczak 1991).

The longitudinal joints are provided in the longitudinal direction of the concrete
pavement to relieve the warping stresses and to divide the pavement into convenient
lanes (Yoder and Witczak 1991). Typical joint details of various joints in concrete
pavements are shown in Figure 1.1. The performance of the joints is assessed in terms
of load transfer efficiency (LTE), which is the percentage ratio of deflection of the
unloaded slab to the deflection of the loaded slab. The LTE value of zero indicates the



poor performance of the joint, and the LTE value of a hundred indicates an excellent

performance of the joint.

Tied Longitudinal Joint Dowelled Expansion Joint

Undowelled /Aggregate Dowelled Contraction Joint
Interlocked Contraction Joint

Figure 1.1 Details of various joints in concrete pavements (Huang 2004)

In jointed plain cement concrete pavements (JPCPs), load transfer across the
transverse joints occurs mainly through dowel bars (Huang 2004). Whereas in case of
the concrete overlays and short panelled concrete pavements, the joints are undowelled,
and load transfer mainly occurs through aggregate interlocking. Thus, these joints are
often termed as aggregate interlocked joints (Maitra et al. 2010). Concrete overlays are
the plain cement concrete (PCC) layer constructed over an existing distressed
bituminous pavement. These are one of the popular, feasible and economic
rehabilitation techniques to address the distresses in bituminous pavements (Rasmussen
and Rozycki 2004; Barman et al. 2017; Jayakesh and Suresha 2018). Short panelled
concrete pavements are similar to JPCPs, in which the joints are saw-cut in both
transverse and longitudinal directions to form panels of smaller sizes. These types of
pavements have become a popular choice over the conventional JPCPs as the
construction costs reduce up to 25% (Covarrubias 2012).

In aggregate interlocked joints, the load is transferred by pure shear action
(loannides and Korovesis 1990). The aggregate interlocking is quantified in terms of
shear strength (7), joint shear stiffness (K), and fracture energy in mode | (Gir) and
mode Il (Gir) of concrete at the joint under static loading. The poor performance of
aggregate interlocked joints may result in faulting, spalling, and corner breaks in the

case of short panelled concrete pavements. Also, the poor performance of aggregate
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interlocked joints increases the chances of debonding with the underlying bituminous

layer in whitetopping pavements (Barman 2014).

The performance of aggregate interlocked joints depends mainly on the crack
width and nominal maximum aggregate size (NMAS) used in the concrete mix (Maitra
et al. 2010). In addition, it also depends on the addition of fibers to the concrete mix. In
the past, researchers have studied the performance of aggregate interlocking in concrete
pavement joints by casting the full-depth pavement structures in a test box and applying
repetitive loads alternatively on each slab (Brink 2003; Colley and Humphrey 1968;
Jensen and Hansen 2001). Jensen and Hansen (2006) conducted an experimental study
using a large-scale slab tester in which truckload was applied, and deflections were
measured continuously. However, to perform these tests, high-end equipment and a
large quantity of materials are required. It is required to develop a test method to
quantify the aggregate interlocking of concrete mixes in the laboratory.

1.2 OBJECTIVES AND SCOPE

The main objective of the present research is to evaluate the performance of aggregate
interlocked joints by conducting laboratory tests. The specific research objectives are
listed below:

1. To propose a new shear test methodology to evaluate the influence of nominal
maximum aggregate size (NMAS) at two different groove depths (GD) on the
aggregate interlocked joint by conducting the static and cyclic shear load tests
on the pavement quality concrete (PQC) specimens.

2. To investigate the influence of micro and macro polypropylene fibers on the
aggregate interlocked joint by conducting the static and fatigue shear load tests
on the pavement quality concrete (PQC) specimens.

3. To simulate the aggregate interlocked joint load transfer mechanism of concrete
pavements experimentally in the laboratory by using a small-scale test setup.

4. To simulate the experimental results of load transfer efficiency of aggregate
interlocked joints using the finite element method (FEM) under static

conditions.



5. To study the performance of aggregate interlocked joints in the field using a
falling weight deflectometer (FWD).

The aggregate interlocking not only depends on the crack width and NMAS but
also on the contact area of aggregates at the joint, which in turn depends on the groove
depth (GD). Since the crack width changes over time with variation in the temperature
(Nam et al. 2014), it is the responsibility of the designer to meticulously select the
NMAS, and the onus is on the site engineer to monitor the groove depth in the field.
Considering this, a new simple laboratory test methodology is proposed in the present
study in which a pure shear load in mode Il is applied to PQC cylindrical specimens.
The three different modes of loading are shown in Figure 1.2. The mode | loading
accounts for the energy required for the propagation of the crack. But mode Il is an in-
plane shear which accounts for the resistance offered across the plane. Thus, mode Il
loading is applied on PQC cylindrical specimens as it accounts for the resistance offered

by the aggregates and fibers across the grooved cross-section.

I T
(@) Mode I: Opening (b) Mode II: Shearing (c) Mode IlI: Tearing

Figure 1.2 Three different modes of loading in fracture (Broek 1986)

The three different NMAS 19, 26.5 and 31.5 mm were selected based on the
IRC 44-2017 guidelines, and two groove depths 1/3™ of thickness and 1/4" of the
thickness were selected as per MORT&H guidelines. The proposed test methodology
was also used to study the influence of the addition of fibers on the performance of
aggregate interlocking of the PQC mix. All the concrete mixtures were tested for fresh
and hardened properties such as workability, compressive strength, split tensile

strength, flexural strength, and modulus of elasticity as per standard test procedures.

The static direct shear test was conducted to evaluate the shear parameter of

aggregate interlocked joints in pavement quality concrete (PQC) mixes using the



cylindrical specimens with a preformed groove. The relationship is developed between
joint shear stiffness and fracture energy. The fatigue shear test was conducted on the
cylindrical PQC specimens, and statistical analysis was carried out for the obtained
shear fatigue data. The S-N curves for different concrete mixtures, along with their
relationships for individual mixes, are presented. The survival curves are plotted, and a
log-rank test is used to understand the influence of groove depth and stress ratio on the
performance of aggregate interlocked joints under shear fatigue loading. The
probabilistic analysis and distribution fitting techniques are used to understand the
distribution of shear fatigue life of concrete mixes. The goodness of fit of two
distributions (three-parameter Weibull and lognormal) for the obtained shear fatigue
data is studied using the Anderson-Darling test, which is popularly known as the AD
test.

A small-scale test setup was developed in the laboratory to simulate the load
transfer of aggregate interlocked joint in concrete pavements. This test setup was used
to measure the LTE of the concrete beam specimens at different crack widths. The
influence of groove depth, NMAS, and addition of fibers on the crack width and LTE
was studied and is presented.

The field FWD test was conducted on the selected whitetopping stretches, and
the ANN model to predict the joint stiffness directly from the field FWD studies was
developed. The whitetopping pavement is modelled in ANSYS software. The

comparison of results from the experiment and the model are presented.
1.3 RESEARCH PLAN

The research plan for the performance evaluation of aggregate interlocked joints
in concrete pavements is shown in Figure 1.3. The performance of aggregate
interlocked joint was evaluated in terms of joint stiffness by conducting the static direct
shear test and in terms of LTE by using the proposed small-scale test setup in this
research work. The performance of aggregate interlocked joint of PQC mix with
different NMAS, micro and macro fiber dosages were evaluated. The experimental test
results were used to develop the 3D FE model. Field evaluation of aggregate interlocked
joints was carried out to validate the proposed small-scale test setup results. The field



evaluation data was also utilised to develop an ANN model to directly predict joint

stiffness from FWD data. As loads coming on pavements are repetitive loads, the

fatigue shear test was carried out on cylindrical specimens, and statistical analysis was

also carried out.
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Figure 1.3 Flowchart for performance evaluation of aggregate interlocked joints in

concrete pavements

1.4 THESIS ORGANIZATION

The thesis is divided into eight chapters. Chapter one provides a brief description of

joints in concrete pavements, types of joints, the importance of aggregate interlocked

joints in short panelled concrete pavements and concrete overlays, research objectives

and the scope of the research work.

The second chapter presents a comprehensive review of relevant literature on

the factors influencing the performance of aggregate interlocking, various test methods

to evaluate the performance of aggregate interlocking, field FWD studies and FE

simulations.




The third chapter provides a brief description of the materials used for the
preparation of pavement quality concrete (PQC) mix. Also, the basic test results of
materials used and the mechanical properties of concrete mixtures are presented. The
proposed test methodology for evaluating the shear parameters and the test setup to
simulate the load transfer in whitetopping is explained. In addition, the evaluation of

whitetopping pavement in the field is described in this chapter.

Chapter four presents a detailed discussion on the results of static shear tests
performed using the proposed methodology. The various statistical methods and
distributions used to analyze the shear fatigue performance of PQC mix prepared using
different NMAS and with the addition of micro and macro-fibers under shear fatigue

loading are presented in detail.

Chapter five presents the repeated flexural loading test results of concrete beam
specimens prepared using three different NMAS and with the addition of micro and
macro-fibers conducted using the small-scale test setup developed in the laboratory.
The relationship between crack width and LTE was developed for different PQC mixes.

Chapter six presents the modeling of the proposed tests in FE based software,

ANSYS, and compares the obtained experimental and simulation results.

Chapter seven presents the development of the ANN model to predict the joint
stiffness of aggregate interlocked joints of whitetopping directly from the field FWD
data.

Along with summarizing the detailed work, Chapter eight provides conclusions,

limitations of the present research work and scope for future research work.






CHAPTER 2

LITERATURE REVIEW

2.1 GENERAL

In recent years, concrete pavements are being constructed in many road projects, as
these pavements warrant for less maintenance and have longer service lives compared
to bituminous pavements. In urban areas, concrete pavements are being preferred by
the municipal authorities over bituminous pavements as concrete pavements can easily
tackle drainage problems. The jointed plain cement concrete pavements of dimensions
4.5 m x 4.5 m with thicker slabs are generally provided for the rural highways. Short
panelled concrete pavements are similar to JPCPs with lower joint spacing (Chattaraj
and B.B.Pandey 2014). The joints are saw-cut in both transverse and longitudinal
directions to form panels of smaller sizes. These pavements are laid on top of the base
and subbase courses as a new construction. The joints in these pavements are
undowelled, and the load transfer across the joints occurs through aggregate
interlocking. These pavements can be advantageous in regions with moderate to light

traffic, especially in urban, semi-urban and built-up areas.

The whitetopping/ concrete overlays have become a popular alternative for the
rehabilitation of distressed bituminous pavements in urban areas. The concrete overlays
have several advantages, such as extended service life, improved structural and
functional capacity and lower life cycle costs when compared to bituminous overlays.
In whitetopping pavements also, the load transfer occurs by aggregate interlocking. In
India, IRC SP: 76 2015 is the guideline being followed for the design of whitetopping.
There are no specific guidelines for the design of short panelled concrete pavements.
However, in some of the projects, IRC SP:76 2015 was used for the construction of
short panelled concrete pavements (Chattaraj and B.B.Pandey 2014). The guidelines
IRC SP:76 2015 does not consider the load transfer across the joint as a critical factor
for whitetopping. It is assumed that the underlying pavement provides considerable
support to the joints, which improves the load transfer across the joint. However, it was

reported that the poor load transfer across the aggregate interlocked joints results in
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debonding with the underlying bituminous layers in the case of whitetopping (Barman
2014). The poor performance of aggregate interlocking results in faulting, spalling and

corner breaks in the case of short panelled concrete pavements.

The aggregate interlocking is the natural mechanism of load transfer across the
joints. The aggregate interlocking is not only important for short panelled concrete
pavement and whitetopping joints but also for other concrete structural applications
such as dams, repair of buildings and bridges. In the following section of this chapter,
a brief review of the literature has been presented on the aggregate interlocked joint
performance terms, various experimental studies conducted to evaluate the
performance of aggregate interlocking, factors influencing the performance of

aggregate interlocking and finite element modelling of aggregate interlocking.
2.2 AGGREGATE INTERLOCKED JOINT PERFORMANCE TERMS

The performance of the pavements depends on the performance of their joints, as these
are the critical locations in the pavement structure. Thus, it is necessary to quantify the
performance of these joints. The various terms used in the past to quantify the aggregate

interlocked joint is explained below.

2.2.1 Load transfer efficiency (LTE)

The performance of any joint, whether it is a doweled or aggregate interlocked, is
measured in terms of deflection load transfer efficiency or simply load transfer

efficiency is given as follows:
LTE = (%) <100 (2.1)
L

where Au, AL are the deflections of the unloaded and the loaded side of a joint,
respectively. LTE value of hundred indicates the excellent performance of the joint.

LTE value of zero indicates the poor performance of the joint.

2.2.2 Non-dimensional joint stiffness (AGG¥*)

loannides and Korovesis (1990) developed a sigmoidal relationship between a non-

dimension joint stiffness (AGG*) and LTE based on the finite element investigation
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carried out using the ILLISLAB software. The AGG* is calculated using following

equation

AGG* = (£ 2.2)

where AGG is the shear spring stiffness, k is the modulus of subgrade reaction, and | is
the radius of relative stiffness, which can be obtained by using the following equation
oL 0.25
'= [12 k(U -w] &3)
where h is the thickness of concrete pavement and E is the modulus of elasticity of
concrete. The relationship is shown in Figure 2.1.

| Symmetric Edge

AT RRETEPITTTTT! PR GPRrTrrT MEErweTTT Grarw ey

10" 10% 10" 10?7 10° 10

Nondimensional Stiffness (ACG/kf)
/

Figure 2.1 Relation between non-dimensional joint stiffness (AGG*) and LTE
(loannides and Korovesis, 1990)

2.2.3 Static direct shear strength (t), joint shear stiffness (K), fracture energy and

number of repetitions

Aggregate interlocking is also quantified in terms of shear strength (t), joint shear
stiffness (K), and fracture energy either in mode I (Gi) or in mode Il (Gyr) of concrete
at the joint under static loading. The aggregate interlocked joint performance is
measured in terms of its number of repetitions to failure under repeated loading. Wattar
(2001) quantified the aggregate interlocked joint performance in the laboratory in terms
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of shear strength (t) and joint shear stiffness (K) under static loading. The authors
measured the aggregate interlocked joint performance under repeated loading is in
terms of the number of repetitions to failure. Chupanit and Roesler (2008) conducted
wedge split tests to quantify the aggregate interlocking in terms of fracture energy.

2.3 PREVIOUS STUDIES ON AGGREGATE INTERLOCKED JOINT
PERFORMANCE EVALUATION

The performance of joints in the field is evaluated by using the falling weight
deflectometer (FWD) device. The FWD devices are more useful for the evaluation of
in-service pavements. The FWD is the most reliable and accurate device to measure the
deflection values in the field (Han et al. 2021; Marecos et al. 2017). The LTE can be

determined using the following equation.

LTE=§ . Derso

x 100 (2.4)
150

where f3 is the correction factor when deflection sensors are at a distance of 300 mm
apart, and its value lies between 1.05 and 1.15. D1so is the measured deflection of the
unloaded slab at a distance of 150 mm away from the joint. D150 is the measured

deflection of the loaded slab at a distance of 150 mm away from the joint.

The information about the joint performance would help in the design of
concrete pavements. Thus, various researchers have proposed laboratory
methodologies to quantify the aggregate interlocked joint performance. The various
experimental studies conducted in the past to evaluate the performance of aggregate

interlocking are tabulated in Table 2.1 and are discussed in this section.

In the past, researchers have studied the performance of aggregate interlocking
in concrete pavement joints by casting the full-depth pavement structures in a test box
and applying repetitive loads alternatively on each slab (Brink 2003; Colley and
Humphrey 1967; Jensen and Hansen 2001). Jensen and Hansen (2006) conducted an
experimental study using a large-scale slab tester in which truckload was applied, and
deflections were measured continuously. However, in order to conduct these tests, high-

end equipment and a large quantity of materials are required.
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Table 2.1 Summary of experiments carried out by previous researchers on aggregate interlocked joint performance

Sl.  Authors Compressive  Slab/Beam Type and size of Joint Type and amount of  Type of base Method of crack induction Major conclusion
No. strength of dimensions coarse aggregate opening loading
concreteused LXBXT used (mm)
(MPa) (mm)
1. Fenwick 33 (Days) 100 X 100 X 350 - 0.06 t0 0.38 pure shear load to - A 6.35 mm saw cut was made Aggregate interlock
(1966) (Beam specimen) assess aggregate around the centre-line of the contributed up to
interlock block prior to testing and tensile 60%  of  shear
load to create cracks at mid- strength in beams
section
2. Colley and 38.5 (28 i) 1219.20 X Natural Siliceous 0.1to2.54 40 KkN load applied  Silty clay A groove of 25 mm in depth was Joint  effectiveness
Humphrey days) 5486.40 X gravel - 38 mm and to sides of the crack  subgrade, with ~ formed on the surface of the slab increased with
(1967) 177.80 Dolomitic crushed with two actuators  two types of directly over the metal strip when increased angularity
ii) 1219.20 X Stone — 38 mm at a simulated sub-base: sand-  concrete was in a plastic state of the aggregates.
5486.40 X speed of 48.3 km/h  gravel and
228.60 on circular loading  cement-treated
(Slab specimens) plates base material
3. Nowlen 38.5 (28 i) 1219.20 X Natural Siliceous 0.1to2.54 40KkN load applied  Silty clay A groove of 25 mm in depth was Joint  effectiveness
(1968) days) 5486.40 X gravel - 38 mm and to sides of the crack  subgrade, with ~ formed on the surface of the slab  improved with use of
177.80 Dolomitic crushed with two actuators  two types of directly over the metal strip when cement-treated base.
ii) 1219.20 X Stone — 38 mm at a simulated sub-base: sand-  concrete was in a plastic state
5486.40 X speed of 48.3 km/h  gravel and
228.60 on circular loading  cement-treated
(Slab specimens) plates base material
4. Paulay and 34.96 to 470 X 300 X 152 Crushed and 0.13,0.25 Monotonic and - Tension cracks are created across The NMAS have no
Loeber 38.82 (Beam rounded aggregates and 0.51 cyclic shear loading a crack plane significant effect on
(1974) specimens) aggregate interlock
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Table 2.1 Contd.

Sl.  Authors Compressive  Slab/Beam Type and size of Joint Type and amount of  Type of base Method of crack induction Major conclusion

No. strength of dimensions coarse aggregate opening loading
concreteused LXBXT used (mm)
(MPa) (mm)

5. Balland 28.96+2.76 750 X 150 X 150 Crushed aggregates 0 to 3.175 Monotonic and Subgrade and By placing different shapes Cement-treated  subbase
Childs (14 days) (Beam cyclic loading Cement Treated improved the joint
(1975) specimens) Base performance.

6. Mattock et 17.24 to0 305 X 559 X 127 Lightweight 0.254 Static loading - By applying direct shear ~ The shear transfer strength
al. (1976) 41.37 (Beam aggregates (coated load is not significantly affected

specimens) and crushed) by the type of aggregate.

7. Walraven 13, 33, 37 600 X 400 X 120 Gravel 16 mmand 0, 0.2 and The vertical load The Cracked along the shear The aggregates having a
(1981) and 59 (Beam 32 mm 0.4 applied ontopviaa specimens were plane by pulling steel rods size less than half of the

specimens) knife hinge supported on in V-shaped grooves at the crack widths have no
roller bearings ~ front and rear faces of the contribution  to load
specimen transfer.

8. Millardand 30.4to454 476 X 300 X 100 - 0.125to Static loading - Direct tensile force applied The aggregate mechanism
Johnson 0.35 results from a combination
(1984) of crushing and overriding

of the crack faces.

9 Pruijssers 50to 70 600 X 500 X 150 16mm aggregates 0.01t00.08 Cyclic and static - By splitting The whole crack plane of a
and loading specimen contributes to the
Lung (1985) shear transfer.

10. Tassiosand  16,30and 40 900 X 300 X 150 Limestone crushed 15 Static and cyclic - By splitting There is no significant
Vintzgleou aggregates loading deterioration of the smooth
(1987) interface during loading

11. Frénaij 51 and 70 600 X 500 X 150 16 mm glacial river 0.1 Static loading - Using a knife-edge The method of shear load
(1989) gravel aggregate application is insignificant
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Table 2.1 Contd.

Sl.  Authors Compressive  Slab/Beam Type and size of Joint Type and amount of  Type of base Method of Major conclusion
No. strength of dimensions coarse aggregate used  opening loading crack induction
concreteused LXBXT (mm)
(MPa) (mm)
12. Madasamy 31.17 (31 914.4 X 304.8 X - 6.35t09.5 Direct shear - Saw cut The proposed test method
etal. (1999) days) 254 was validated with FE
analysis
13. Buch and 38 (28 days) 1220 X 915X 254  Crushed Limestone - Otol1.4 40 kN load applied on FABCEL- Metal strip The increase in the
Frabizzio (Slab specimens) 19 mm and 25 mm and both the sides of the Neoprene pads inserted in fresh pavement surface
(2000) River Gravel crack with two with a k-value of  concrete temperature results in an
-19 mm and 25 mm actuators at a 27 MPa/mm increase in LTE of joints
simulated speed of
48.3 km/h on circular
loading plates
14. Wattar 39 (28days) 610 X 305 X 305 Gravel - 25 mm 2 Horizontal Shear - Tensile forces  The use of gap gradation
(2001) (Beam specimens) force applied after few hours would  improve  the
statically and at of casting performance of aggregate
constant amplitude interlocking
15. Jensen and 30.6 t0 34.8 3000 X 1800 X 250 25 mm limestoneand 0.1t02.5  Cyclic wheel load of = Michigan Slab subjected Tough and large-size
Hansen (28 days) (Slab specimens) 25 mm and 50 mm 40 kN at one side of Highway to horizontal aggregates improve the
(2001) glacial gravel crack at 3 Hz. foundation: 102 displacementat load transfer across the
mm open-graded surface slot, 7 joint
drainage course to 10 days after

on 400 mm thick
sub-base

curing
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Table 2.1 Contd.

Sl. Authors Compressive  Slab/Beam Type and size of Joint Type and amount of ~ Type of base Method of Major conclusion
No. strength of dimensions coarse aggregate used  opening loading crack
concreteused LXBXT (mm) induction
(MPa) (mm)
16. Brink (2003) 35 (28 days) 1800 X 600 X 230  Dolomite - 19 mmand 0to2.5 Dynamic load using Rubber pads used Angle iron The increase in NMAS
(Slab specimens) 37.5mm actuators 20 kN on to simulate was used as  increased the LTE of
and each side of joint different base crack the joint.
Granite - 19 mm and conditions. inducer.
37.5mm
17. Arnoldetal. - 100 X 100 X 400 10mm and 20mm 0.7 Cyclic loading - By applying The  proposed  test
(2005) mm long beam three points  procedure provides a
specimens bending load valuable insight into
joint and crack
degradation
18. Yietal 39.3t043.2 200 X 400 X 2000  Gravel —10,20,31.5 Uncracked Flexural loading - - The maximum
(2017) (28 days) and 200 X 400 X and 40mm aggregate size improved
2600 (Reinforced the shear capacity of
beams) beams without shear
reinforcement.
19. Barmanand 50.5t064.25 6009 X 152 X152  River gravel 0.01 Flexural loading Neoprene pads By applying LTE is 20% higher for
Hansen (28 days) (Fiber reinforced three points  fiber reinforced beams
(2018) beams) bending load when crack width is less

than 2 mm.
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The most common methods used to measure the shear strength of aggregate
interlocking in concrete include the push-off method, the International Federation for
Structural Concrete (FIP) method and JSCE_G 553 method. Many researchers have
conducted push-off tests to study the shear strength of both plain and reinforced
concrete mixes (Mansur et al. 2008; Mattock et al. 1976; Walraven 1980; Yang et al.
2012; Yietal. 2017). The shear stress field is complex in the push-off test method, and
the test setup is complicated in the FIP method (Abdi Moghadam and Izadifard 2019).
In JSCE_G 553 method, the failure may not be due to pure shear as there is a possibility

of rotation of unloaded external blocks.

Roesler and Chupanit (2008) conducted wedge split tests on concrete specimens
and found that higher fracture energy resulted in higher joint shear stiffness. Also,
aggregate type influences the aggregate interlocking in terms of fracture energy in mode
| for the same crack width (Jensen and Hansen 2000). Cracks in mode | propagate
sideways from the notch tip and absorb lower fracture energy. However, in mode 11,
the crack propagates vertically from the notch and thus absorbs higher fracture energy.
The fracture energy in mode | account only for the energy required to create inclined
tensile microcracks in the fracture process zone (FPZ). While the fracture energy in
mode Il accounts for both the energy required to create a crack in FPZ as well as the
energy required to break the resistance offered by the aggregate interlocking at the joint
(Bazant and Pfeiffer 1986). Hence, mode Il shear fracture energy has to be used to
quantify the aggregate interlocking in the concrete mix. However, very few studies have
been reported on the influence of NMAS on the fracture energy in mode Il (Reinhardt
and Xu 2000, Kumar and Rao 2010, Rao et al. 2011). Most of these studies have been
conducted by following the test method proposed by Reinhardt et al. (1997) using
double-edge notched concrete specimens. However, in this test method, the unloaded
part of the specimen may rotate once the crack starts propagating, and failure occurs
due to the combination of shear and bending. Thus, there is a scope to develop a new
test method to study the aggregate interlocking in the concrete mix in terms of fracture

energy in mode I1.
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2.4 FACTORS INFLUENCING THE PERFORMANCE OF AGGREGATE
INTERLOCKED JOINT

Several parameters influence the performance of aggregate interlocked joint such as the
type of coarse aggregate, nominal maximum aggregate size (NMAS) of coarse
aggregates, the strength of concrete, addition of fibers, joint opening and the type of

foundation. These factors are discussed in detail below.

2.4.1 Type of coarse aggregate

Different types of aggregates are available in different regions of the world. Based on
the availability, different aggregates are used in the construction of pavement. The
aggregates from different sources have different hardness. The hardness of aggregate is
determined from Los Angeles Abrasion Test. The harder aggregates create a longer
crack path, thus increase the LTE significantly. Pradena et al. (2017) reported that LTE

mainly depends on the type of aggregate in short panelled concrete pavements.

Nowlen (1968) found that stronger aggregates have higher LTE, and coarse
aggregates with Los Angeles abrasion value (LAAV) equal to 17% showed no
deterioration in the performance over the number of load repetitions. Abdel-Maksoud
(1999) conducted a laboratory investigation on concrete specimens made with
limestone, trap rock and gravel. The specimens were subjected to cyclic loading.
Authors found that increasing the cyclic load, the carbonate aggregate (limestone)
exhibited higher displacement as limestone has the lowest abrasion value among all the
other aggregates. Buch and Frabizzio (2000) investigated in-service pavements in
Michigan State, constructed using four different coarse aggregates, limestone, natural
gravel, recycled aggregates and slag. The LTE of pavements made with different
aggregates is tabulated in Table 2.2.

Table 2.2 Effect of type of aggregate on LTE (Buch and Frabizzio 2000)

Type of coarse aggregate LTE (%)

Recycled 77.44
Carbonate 83.81
Natural Gravel 86.91
Slag 90.83
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The authors also conducted the volumetric surface texture (VST) test and found that
recycled and slag aggregates had smooth textures, whereas the natural gravels and

carbonates were found to have rough textures.

Snyder and Raja (1991) found that LTE is higher for gravel and limestone when
compared to slag and recycled aggregates in Jointed Reinforced Concrete Pavements
(JRCPs). Authors reported that not only the crack width but the surface texture of the
joint also plays an important role. The concrete fracture properties highly influence the
surface texture of joint crack. It is assumed to be a function of a number of twists and
turns formed at the joint interface, which is difficult to measure accurately. It is a known
fact that the LTE of the aggregate interlocked joint depends on the surface texture of
aggregates. Brink (2003) conducted tests on concrete slabs made from dolomite and
granite aggregates. The author found that though dolomite has a greater elastic modulus
than granite, the LTE of granite is greater than that of dolomite for all crack widths.
Giaccio and Zerbino (1998) studied the change in fracture energy on concrete mix
prepared using four different types of aggregates having different compressive
strengths. Authors concluded that granitic crushed stone (GCS) was found to have
higher compressive strengths and higher fracture energy.

Many researchers have concluded that aggregates with lower abrasion values
have rougher crack surface texture than aggregates with higher value (Wattar 2001; Rao
et al. 2002; Roesler and Chupanit 2005). The strong coarse aggregates would produce
a higher surface roughness as cracks propagate around the harder aggregate particles
and never pass through them. Thus, coarse aggregate type is considered to be the
influencing parameter for the LTE. Ramirez (2010) conducted a volumetric surface
texture ratio (VSTR) test on coarse aggregates having three different ranges of abrasion
values LAAV<19, 20<LAAV<30 and LAAV>31 and concluded that the coarse
aggregates with 20<SLAAV<30 had the largest VSTR whereas LAAV>31 had lowest
VSTR. Jensen and Hansen (2000) conducted a wedge split fracture test on concrete
prepared using two different types of aggregates and concluded that the fracture energy
of concrete specimens prepared using hard aggregates was found to be higher when

compared to the fracture energy of concrete prepared using soft aggregates. Thus, the
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authors concluded that the LTE of aggregate interlocking is higher for the stronger

aggregates.

2.4.2 Nominal maximum aggregate size (NMAS) of coarse aggregates

The nominal maximum aggregate size (NMAS) has a great influence on the
performance of the joint. Many researchers have studied the effect of NMAS on the
LTE of joint. Nowlen (1968) tested the concrete slabs and found that change in NMAS
from 19.1 mm up to 38.1 mm has no noticeable effect on joint effectiveness. But authors
reported that larger NMAS (above 38.1 mm) improved joint effectiveness, especially
for larger joint openings. Paulay and Loeber (1974) reported that for the NMAS ranging
between 8.5 mm to 19.1 mm, the NMAS has no significant effect on the performance

of joints.

Walraven (1980) conducted direct shear (push-off) tests on the plain and
reinforced beams with two different NMAS, 16 mm and 32 mm. No significant
conclusions were made on the influence of the NMAS on the performance of the
aggregate interlocked joint. However, the author stated that the aggregates having a size
less than half of the crack widths have no contribution to load transfer, and these
aggregates can be considered to be inactive. Bruinsma et al. (1995) used 25 mm and 40
mm NMAS to test the large slabs, which almost simulated the field condition. The
authors concluded that the LTE increases with the increase in NMAS. Wattar (2001)
used 25 mm, and 37.5 mm sized aggregates for the preparation of concrete beam
specimens. The author found that there is no significant effect of NMAS on joint
performance. Brink (2003) tested the concrete slabs made with dolomite and granite
aggregates of top sizes 19 mm and 37.5 mm for the preparation of concrete slab
specimens. The author concluded that the increase in NMAS increased the LTE of the
joint. Vandenbossche (1999) made an attempt to relate joint roughness to NMAS by
using the Volumetric Surface Texture (VST) Test. The author reported that as NMAS
increases, the roughness of the joint face increases. The author found a relationship
between LTE of aggregate interlocked joint and Volumetric Surface Texture Ratio

(VSTR). VSTR is defined as the volume of texture per unit surface area obtained by
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conducting VST test and expressed in cm®cm?. The relationships between LTE and
VSTR are given below:
For laboratory data,

VSTR

LTE = 401og (=) + 6 (2.5)

For field data,

VSTR

LTE = 120 log (T) +101 (2.6)

where w is joint opening/ crack width in cm.

Chupanit and Roesler (2005) found that using larger sized aggregates results in
more zigzag crack patterns in the joint, creating a rougher surface and improving joint
performance. The authors concluded that as the NMAS increases, the fracture energy
of concrete increases. It should be noted that in high strength concrete mix, it is
essential to use aggregates with smaller NMAS (Al-Oraimi et al. 2006). As smaller
sized aggregates have more surface area, it increases the bond strength between
aggregate and mortar, thus increasing concrete's overall strength. It is necessary to
balance this parameter in order to achieve sufficient strength for concrete slab and LTE

across the joint.

2.4.3 Coarse aggregate angularity

In addition to the size of coarse aggregates, the shape of the aggregate particles has a
significant role in deciding the roughness of the joint, which influences the load transfer
mechanism. The coarse aggregate angularity is related to the number of fractured faces
of an aggregate. The number of fractured faces of coarse aggregates increases the
interlocking of aggregate at the joint increases, thus increasing the LTE of the joint. But
as the angularity increases, the concrete workability reduces. Colley and Humphrey
(1967) showed from their investigation that the load transfer at the joint gets improved
when the angular aggregate particles are used in the concrete mix. The angularity of
aggregate can be determined accurately using image analysis technology (Rao et al.
2002).
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2.4.4 Aggregate gradation

The gradation of aggregates plays an important role in influencing the performance of
the aggregate interlocked joint. Wattar (2001) studied the effect of gap and dense
gradation on surface roughness and stiffness of joint. They concluded that the use of
gap gradation would improve the crack/joint surface roughness that enhances the
performance of the aggregate interlocking. Studies concluded that the use of gap graded
aggregates in concrete results in significantly higher joint stiffness values when
compared to the use of dense-graded aggregates in the concrete. Chupanit and Roesler
(2008) studied the influence of dense and gap gradation on the joint surface texture
(roughness) and fracture energy of concrete in order to relate the aggregate gradation
with a joint performance. The authors found that the use of gap graded aggregates
results in higher fracture energy and rougher surface. The use of gap graded aggregates

results in a reduction in the strength of concrete.

2.4.5 Strength of concrete mix

Khazanovich and Gotlif (2003) studied the effect of concrete compressive strength on
LTE of joints of CRCP, doweled and non-dowelled jointed concrete pavements. The
authors concluded that no significant correlation exists between compressive strength
and LTE for any of the pavement type.

2.4.6 Addition of fibers

Fibers are used mainly in the construction of ultra-thin whitetopping (UTW). There are
two types of fibers being used in pavement construction. The fibers are classified as
micro and macro-fibers based on their elasticity modulus values and lengths. The fibers
with less than 30 mm in length and lower elastic modulus values are termed non-
structural fibers or micro-fibers. The fibers with greater than 30 mm in length and
higher elastic modulus values are structural fibers or macro-fibers (Blazy and Blazy
2021). The use of micro-fibers reduces the plastic shrinkage cracks in the fresh concrete
(Leong et al. 2020; Yew et al. 2016; Zhang and Li 2013). The micro-fibers are used in
many of the UTW projects. Researchers have studied the influence of synthetic micro-

fibers on the flexural fatigue performance of concrete (Kasu et al. 2020) and the
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durability of concrete (Xu et al. 2021). However, the contribution of micro-fibers on

joint performance has not been investigated.

It is reported that the use of macro-fibers in concrete improves the joint stiffness,
toughness and flexural strengths significantly (Belshe et al. 2011; Roesler et al. 2006).
Roesler et al. (2012) conducted the accelerated pavement test and demonstrated that the
performance of aggregate interlocked joints could be improved with the addition of
structural fibers. Barman and Hansen (2018) conducted laboratory tests on fiber
reinforced beams and plain concrete beams and found that LTE is about 20% higher for
fiber reinforced beams when crack width is less than 2 mm. But when joint opening
exceeds 2 mm, the LTE is comparatively higher for plain beams. Authors also reported
from the field study that the contribution of the fibers was significant during winter

when compared to summer.

2.4.7 Joint opening

The joint opening is considered to be the key parameter that influences the LTE of the
aggregate interlocked joint. Colley and Humphrey (1967) studied the influence of joint
opening on aggregate interlocking in the laboratory. They showed that the LTE and
joint opening are inversely related. The authors concluded that an increase in the joint
opening from 0.635 mm to 2.16 mm results in an 80% loss in joint effectiveness under
a constant amplitude cyclic loading. Brink (2003) reported that narrower crack width

results in lower relative movement at the aggregate interlocked joints.

Jensen and Hansen (2001) proposed that the LTE is solely related to the joint
opening. In order to find a relationship, the authors plotted the LTE Vs Joint opening
and obtained a curve. The curve was divided into three different stages. It was observed
that in stage I, LTE was 100% when the joint opening was less than 0.5 mm. The LTE
decreases with an increased joint opening in stage Il and stage IlI; when the joint
opening exceeds 2.5 mm, the load is transferred through the pavement base. Lee et al.
(2010) reported that as the number of load repetitions increases, the joint opening
increases leading to poor load transfer across the aggregate interlocked joint.
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2.4.8 Thickness of concrete slab

Many researchers have studied the effect of thickness on LTE of joint. Colley and
Humphrey (1967) studied the joint effectiveness of two slabs with different thicknesses
177.8 mm and 228.6 mm and found that slabs with higher thickness showed better
performance in terms of load transfer across the joint. The effectiveness values of are
converted into LTE values using a regression relationship. The test results are shown

in Figure 2.2.
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Figure 2.2 Influence of thickness of concrete slab on LTE (after Colley and
Humphrey 1967)

Ball and Childs (1975) also demonstrated that thicker slabs effectively transfer load
across the aggregate interlocked joint. It can be seen from Figure 2.2 that at any given
number of load cycles, the LTE of the thicker slab is higher. Similar observations were
reported by Maitra et al. (2010) and Sadeghi and Hesami (2018) after conducting the

finite element analysis of aggregate interlocked joints.

2.4.9 Type of support

The type of foundation support provided below the concrete pavement has a greater
influence on the performance of joints in whitetopping and short panelled concrete. The
use of superior quality material as a base layer would improve the performance of joints
(Taylor et al. 2007). The base provides continuity below the joint and transfers the part
of the load. The total LTE of any joint is obtained by the following equation (Darter et
al. 2001)
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where LTE joint is total joint LTE in percentage, LTEdower iS joint LTE in percentage (if
dowels are the only mechanism of load transfer), LTEbase is joint LTE in percentage (if
the base is the only mechanism of load transfer) LTEacc is joint LTE in percentage (if
aggregate interlock is the only mechanism of load transfer). There are no methods to
evaluate the contribution of the underlying base to the load transfer across joints. Darter
et al. (2001) provided the LTE values representing the load transfer contributed by the
base course only. These values were recommended based on the field measurements
and partly engineering judgement of the authors. The recommended values of LTE for

different base support types are tabulated in Table 2.3.

Table 2.3 Recommended values of LTE for different base support types (Darter et al.

2001)
Type of base support LTE of base, %
Aggregate base (WMM or 20
WBM)
Asphalt treated or cement 30-40
treated base
Lean concrete base 40-50

Colley and Humphrey (1967) found that joint effectiveness improved with an
increase in the strength of the base below the pavement slab. The use of a cement-
treated sub-base doubled the joint effectiveness. Nowlen (1968) also agreed that the use
of cement-treated base improves joint efficiency. Ball and Childs (1975) conducted
laboratory tests on concrete beams resting on stabilised (Cement treated base - CTB)
and un-stabilised layers (granular layers). Authors found that beams resting on
stabilised layers showed a better LTE. Taylor et al. (2005) and Wadkar et al. (2011)
reported that stabilised base improved the load transfer across the joint. Even Mu et al.
(2016) reported that the stabilised base improved LTE in aggregate interlocked joints,
whereas it posed an adverse effect on LTE of doweled joints.

Interestingly, Khazanovich et al. (2003) concluded from the field study that LTE
of non-doweled joints was slightly lower for pavements with a lean concrete base when

compared to pavements with other base types. They made an interesting observation
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that a stiff base may increase PCC slab curling and result in poor load transfer across
the joints. The authors also concluded that LTE is higher for coarse-grained subgrade
when compared to fine-grained subgrade. It is also interesting to note that the type of
support and uniformity play an important role in the LTE of the aggregate interlocked
joint. When the concrete slab is in full contact with the base, LTE of Al is equal to
100% (Owusu-antwi et al. 1990).

2.4.10 Environmental conditions

The environmental conditions are different across the globe, and these conditions vary
with time. Pavement materials are highly susceptible to these wvariations in
environmental conditions. As the performance of aggregate interlocked joints is highly
dependent on the pavement material properties, it gets influenced by the variation in
environmental conditions. Kapiri et al. (2000) collected temperature and falling weight
deflectometer data at the Denver International Airport (DIA). Authors found it
interesting that the LTE values for the same joint were as low as 13% during the winter
and as high as 85% during the summer season. This is because in winter, the
temperature will be low, leading to larger joint opening that results in lower LTE, and
in summer, the joint is tight, which results in higher LTE.

Poblete et al. (1998) have measured differences in the bottom and surface
temperature for slab thickness of 228.6 mm to 254 mm. The temperature differential
ranged from 0 to 263.71K. The effects are attributed to the slab curling and warping;
the rotation of the vertical edges of concrete slab curl or warp which compresses either
top or bottom portions of the slab together, resulting in a significant improvement in
the performance of the aggregate interlocked joint.

Owusu-Antwi et al. (1990) conducted tests in the Pavement Research Facility
laboratory and have shown that the LTE increases in the order of 20% to 40% for any
joint opening when the temperature differential varied from 249.82 K to 263.71 K.
However, no significant change in LTES was seen when the joint was kept closed (tight
joint). Authors concluded that LTE increases with an increase in vertical temperature
differential in pavements and found no change across the joints in rigid pavements.

Frabizzio and Buch (1999) reported that the increase in the pavement surface
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temperature results in an increase in LTE of joints. For a pavement surface temperature
range of 278.15 - 288.15K (5 — 15°C), the LTE of the joint was less than 30%. But
when the pavement surface temperature range was increased to 303.15 - 315.15K (30 -
42°C), the LTE of the joint was found to be increased to 40 -70%. Ongel and Harvey
(2004) found a poor correlation between the LTE and the surface temperature of the
slab. Rufino and Roesler (2004) conducted deflection studies using the heavyweight
deflectometer test, and the authors found a regression relation between LTE and
average pavement temperature by fitting a curve. The regression equation is given
below
LTE = 0.0112 x AT? + 0.0185 x AT + 6.397 (2.8)
R? = 0.9354

where LTE is load transfer efficiency of aggregate interlocked joint in percentage

AT is average pavement temperature in degree Fahrenheit

Perera et al. (2005) also reported that higher mean annual air temperatures of
about 284K (10.85°C) resulted in better load transfer through the aggregate interlocked
joint when compared to mean annual air temperatures of about 280.6 K. Conversely,
Aure and loaninides (2015) reported that the increase in differential temperature did
not affect LTE during the night. But, LTE is inversely proportional to temperature
differential during daytime.

25 FINITE ELEMENT METHOD

The design procedures and analysis methods for concrete pavements used in India are
based on closed-form solutions. The limitations of these procedures are that the
available design equations are based on the single slab results and do not account for
load transfer across the joints. The finite element method (FEM) overcomes these
limitations. The method is capable of analysing multiple slabs with different load

configurations.

2.5.1 Two-dimensional FE models

Using the classical plate theory, Huang and Wang (1973, 1974) developed a
two-dimensional finite element model named KENSLABS. The model assumes that

the slab is thin and is supported on a subgrade foundation, either elastic or layered or
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Winkler type. Tabatabaie and Barenberg (1978) developed ILLISLAB (another 2-D FE
model) to analyse concrete pavements. Tia et al. (1987) developed a 2-D FE computer
program called FEACONS 111, which can analyse the behaviour of concrete pavements
effectively and realistically. Zaman and Alvappilai (1995) developed the FE model to
study moving aircraft loads on concrete pavements. DYNASLAB code was proposed
by Chatti and Kim (2001) for the dynamic analysis of concrete pavement. Authors
assumed that the foundation was either Winkler or layered. King and Roesler (2014)
analysed a bonded concrete overlay model in ILLISLAB to develop a back-calculation
procedure for the FWD tests on these pavements. Most of these 2-D FE models were
developed based on the thin plate theory, in which the main assumption is that the
thickness of the slab is minimum. But the pavement slabs are moderately thick, and
shear deformation is significant.

2.5.2 Three-dimensional FE models

Three-dimensional FE models can overcome the limitations of two-dimensional
FE models. With advanced computers and processors, the 3-D FE models provide more
realistic and accurate results. Many researchers have modelled concrete pavements
using this method by considering its advantages. Software such as ANSYS, ABAQUS
and EverFE provide a user-friendly platform to model the concrete pavements.
Channakeshava et al. (1993) developed a 3-D FE model to assess the performance of
dowels in concrete pavements. Wu and Shen (1996) developed a 3-D FE model to study
the response of pavements by subjecting them to moving loads. Vepa and George
(1997) developed a regression equation to predict the deflection response of FWD by
performing the multilayer 3-D FE analysis of pavements in ABAQUS. Researchers
have used 3-D FE models to study the temperature variation across the depth of the slab
(Kuo 1998; Pane et al. 1998). For the structural analysis of concrete pavements, a more
advanced and user-friendly program named EverFE was developed by (Davids 1998),
which includes both aggregate interlock and dowel load transfer. Brink (2003) used
EverFE software to model the concrete pavement and compared the experimental test

results with 3-D FE model results.
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Maitra et al. (2009) developed a 3-D FE model in ANSYS to analyse the
performance of dowels in JPCPs. Authors also developed a generalized equation for
the determination of LTE of doweled joints after conducting several simulations. In the
subsequent year, Maitra et al. (2010) modelled the aggregate interlocked joint of JPCP
and proposed a new term to quantify the aggregate interlocking called modulus of the
interlocking joint (Kj). The 3-D FE results of the model were validated with the
experimental results available in the literature. Barman (2014) developed a 3-D FE
model of bonded concrete overlays in ABAQUS to study the influence of fibers on the
performance of joints and developed a generalized equation to calculate LTE of joint
bonded concrete overlays. Researches have also developed 3-D FE model for fracture
analysis of concrete pavements (Aure and loannides 2015; Maitra et al. 2014;
Ramsamooj 1999).

2.5.3 Modeling the structural components of concrete pavement

The major structural components of concrete pavements are a concrete slab on
top, a foundation base at the bottom and a joint system. Most researchers have modelled
concrete slab as medium thick plate element for the 2-D FE analysis (Huang and Deng
1983; loannides and Korovesis 1990; King and Roesler 2014; Tabatabaie and
Barenberg 1978; Zaman and Alvappilai 1995). Kuo (1994) modelled using the shell
elements. Authors assumed that the concrete slab is elastic, homogeneous and isotropic
in nature. The modulus of elasticity of concrete and Poisson's ratio are the two input
parameters used for representing the concrete slab in 2-D FE. As stated earlier, these
models ignore the shear strength of plates. In the past, the concrete slab was represented
by the linear elastic 3-D brick elements (Barman 2014; Davids et al. 1998; Maitra et al.
2009, 2010; Swarna et al. 2018). This provides a more accurate representation of the

concrete slab in the 3-D FE model.

The foundation base for a concrete slab usually consists of a base layer (either
DLC or CTB), sub-base (GSB) layer and subgrade for new construction. The
foundation base for overlays consists of deteriorated bituminous layer on top of the
layers mentioned above. The base layer is also modelled using the linear elastic 3-D
brick elements (Davids et al. 1998; Maitra et al. 2009, 2010; Swarna et al. 2018).
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Barman (2014) modelled deteriorated bituminous pavement layer using the linear

elastic 3-D brick elements.

Theoretically, various subgrade models are available in the literature to
represent subgrade. The Winkler foundation model, elastic solid foundation model, and
two-parameter foundation model are popularly used to represent subgrade. Many
researchers have modelled subgrade using the Winkler foundation model. It is simple
and requires modulus of subgrade reaction (k) as single input (Kuo 1994; Maitra et al.
2009, 2010; Swarna et al. 2018; Uddin et al. 1995; Zaman and Alvappilai 1995).

The dowels are the major component of a joint system for load transfer across
the joint for high volume roads. Many researchers have used beam elements to represent
dowel bars in the 3-D FE model (Channakeshava et al. 1993; Davids et al. 1998; Kuo
1994; Maitra et al. 2009; Uddin et al. 1995; Zaman and Alvappilai 1995). The modulus
of dowel support (K) is used as a parameter to define the strength of dowels. The higher

the value indicates better load transfer across the doweled joint.

In whitetopping and short panelled concrete pavements, the load transfer across
the joints take place through aggregate interlocked joints. In an aggregate interlocked
joint, the load is transferred in the form of shear. The researchers have represented the
aggregate interlocked joint using a series of springs connected from one side of the slab
to another slab (Barman 2014; loannides and Korovesis 1990; King and Roesler 2014;
Kuo 1994; Maitra et al. 2010; Tabatabaie and Barenberg 1978; Uddin et al. 1995;
Zaman and Alvappilai 1995). The spring stiffness is used as an input parameter to
model the aggregate interlocked joint. The spring stiffness is back-calculated using the
field deflection measurements. loannides and Korovesis (1990) developed a relation
between a non-dimensional joint stiffness (AGG/kl) and LTE. Also, Maitra et al. (2010)
developed a model to estimate spring stiffness based on the joint opening and the
nominal maximum aggregate size. This model was developed based on the
experimental studies conducted by Brink (2003) in the laboratory. Byrum (2012)
developed a model that can directly compute the joint stiffness from the field FWD

data. However, there are no proper guidelines available for selecting spring stiffness for
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whitetopping and short panelled concrete pavement joints neither at the stage of design

nor at the time of service.

2.6 APPLICATION OF ARTIFICIAL NEURAL NETWORK (ANN)

In the recent past, artificial neural network (ANN) are being used in various civil
engineering applications. The major advantage of ANN is that it can learn from past
experiences to enhance their performance and adjust to the changes in the atmosphere.
Once trained, these models will gain the ability to effectively predict the output even
for noisy and incomplete input data (Heravi and Eslamdoost 2015). ANN models are
suitable when the relationship between the input and output data is unknown and non-
linear. These models are invariably used in different engineering fields due to their
adaptive nature and savings in energy, cost and computation time (Kallannavar et al.
2021).

Many researchers have developed ANN models for predicting the performance
of construction materials and structures. ANN models have been used in the
performance prediction of various concrete types, such as self-compacting concrete
(Asteris et al. 2016), plastic concrete (Ghanizadeh et al. 2019), and ultra-high-
performance concrete (Abellan Garcia et al. 2020). Asteris et al. (2016) used Back-
Propagation Neural Network (BPNN) method to develop the ANN models to predict
the compressive strength of self-compacting concrete and reported that the predicted
values were very close to the experimental results, and the correlation coefficient
further confirmed it. Ghanizadeh et al. (2019) developed an ANN model to predict the
compressive strength of bentonite/sepiolite plastic concretes by using the Levenberg-
Marquardt algorithm to train the network. Authors reported that the ANN model was
efficient to predict the compressive strength values of plastic concrete. In another study,
Garcia et al. (2020) developed an ANN model for predicting the slump flow and
compressive strengths of ultra-high-performance concrete (UHPC) and concluded that
the developed ANN model was efficient enough to predict the slump flow and
compressive strengths of UHPC. Jalal et al. (2020) developed an optimum ANN model
to predict the behaviour of a rubberised cement composite interms of compressive

strength by using experimental results as input data. In their study, the authors used
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Levenberg—Marquardt back-propagation (LMBP) technique to train the network. It was
reported that the developed ANN model was able to predict the behaviour of rubberised
cement composite with an accuracy of 98%. Elshafey et al. (2013) developed the ANN
prediction model using the feed-forward back-propagation (FFBP) method to predict
crack width in reinforced concrete members. It was reported that the experimental crack
width values were in agreement with the ANN predicted values. Heravi and Eslamdoost
(2015) developed ANN models to predict the construction labour productivity in
developing countries. Authors used the Bayesian regularisation method to train the
dataset and concluded that the technique provides better performance than other
training techniques. Rezaali et al. (2021) developed an ANN model to forecast urban
water demand using the LMBP training algorithm and reported that the ANN models
are efficient in forecasting the urban water demand.

In past few years, the ANN models have been developed to predict pavement
materials testing and pavement performance evaluation in terms of both functional and
structural aspects. Hussain et al. (2021) developed an ANN model to characterise the
phase angle behaviour of bituminous concrete mixes in a gyratory compactor and
concluded that the ANN model could be used as a surrogate to laboratory testing for
assessing the performance of bituminous concrete mixes. Researchers used the feed-
forward back-propagation ANN technique to evaluate and develop the relationship
between deformation and stiffness modulus of FORTA-FI strengthened bituminous
mixtures (Khasawneh et al. 2019). Fakhri and Shahni Dezfoulian (2019) developed a
relationship between FWD deflection bowl parameters, and pavement surface
distresses interms of International Roughness Index (IRI) and Pavement Surface
Evaluation and Rating index (PASER) using ANN and other non-intelligent models
and concluded that ANN models were accurate and outperformed the other non-
intelligent models. Nivedya and Mallick (2020) developed an ANN model to predict
the field permeability of flexible pavement layers and concluded that the model
accurately predicted the field permeability of flexible pavement layers. Lekshmipathy
et al. (2020) developed an ANN model to detect road bumps, potholes, cracks and
patches based on the data collected from smartphone sensor-based technique. Authors

used the LMBP algorithm to train the neural network.
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Hossain et al. (2020) developed an ANN model to predict the international
roughness index (IRI) of rigid pavements. Authors used only the climatic and traffic
data for developing the ANN model, and it was concluded that the model was able to
predict the IRl with an error of 1% for the rigid pavement constructed in the non-
freezing and wet climatic conditions. The ANN model developed using the Long-Term
Pavement Performance (LTPP) database predicted IRI of jointed plain concrete
pavement (JPCP) sections in the USA with only a 7% prediction error (Kaloop et al.
2020). Alatoom and Al-Suleiman (2021) developed an ANN model to predict IRI based
on smartphone measurements on the flexible pavement. It was concluded that the
developed ANN models were more accurate in predicting IRI than the regression
models. Wang et al. (2021) developed an ANN model for predicting maximum tensile
and shear strains in the airfield bituminous pavement directly from the FWD surface
deflections data. The ANN model was developed using the data generated from a
validated FE model. It was concluded that the accuracy of the ANN model was better
than the traditional prediction method when the strains of both the models were
compared with field strain measurements conducted at the National Airport Pavement
Testing Facility (NAPTF).

Bayrak and Ceylan (2008) developed ANN models to predict the layer moduli
of rigid pavements from FWD data. Authors concluded that the ANN models not only
predicted accurately but also reduced the computation time drastically. Considering the
abilities and advantages of ANN, these models can be used to predict the performance

of the aggregate interlocked joints.
2.7 LITERATURE SUMMARY

It is found from the literature that the researchers have made significant
contributions to evaluate the aggregate interlocked joints in concrete pavement by
conducting experimental, numerical and field studies. Most of the researchers
conducted tests by casting large concrete slabs in the laboratory to evaluate the
performance of the aggregate interlocked joint in terms of load transfer efficiency
(LTE). However, these experimental methods are uneconomical as they require a huge

quantity of materials and high-end equipment. A very limited studies available which
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have developed a small-scale test setup. These small-scale test setups are complex and
use costlier equipment. Thus, there is a scope for developing a simple, reliable and low-
cost laboratory small scale test setup that can be used to assess the performance of
aggregate interlocked joints in terms of LTE. The aggregate interlocking mechanism
is also useful in concrete structures such as dams, repair of buildings and bridges.
Researchers have used the push-off method, the International Federation for Structural
Concrete (FIP) method and JSCE_G 553 method to evaluate the aggregate interlocking
in concrete in terms of shear strength. These test methods were failed to apply the pure
shear load at the joint. The efforts were also made to quantify the aggregate interlocking
in terms of joint stiffness and fracture energy. Many of these studies measured fracture

energy in mode I, which does not account for the aggregate interlocking at the joint.

Considering the advantages of the finite element method, many researchers
have used the method to understand the behaviour of aggregate interlocked joints and
the concrete pavement as a whole. The linear spring elements are generally used to
represent the aggregate interlocked joints in concrete pavements. The load is transferred
through the springs across the joint in the simulated concrete pavement model. Limited
works of literature are available for selecting the spring stiffness values based on
laboratory experiments. There is a need for a method that can quantify the aggregate
interlocking of concrete pavement joints in the laboratory in terms of joint stiffness.
The value can be used to numerically analyse the aggregate interlocked joints of
concrete pavements at the design stage in FE based software.

In many of the studies, a falling weight deflectometer (FWD) was used to
evaluate the performance of aggregate interlocked joints in concrete pavements.
Researchers back-calculated the joint stiffness values by using them in the FE model to
match the field deflection measurements using FWD. A relationship between LTE and
joint stiffness is also available in the literature. In one of the studies, attempts were
made to develop a model that can compute joint stiffness directly from the FWD
deflection measurements. However, these models are applicable only to conventional
concrete pavements. The ability of these models to predict the joint stiffness of
whitetopping pavements has not been studied so far. There is a scope to improve the
model available in the literature that can be used directly to predict the joint stiffness of
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whitetopping pavement joints from the field FWD data. Also, the ANN model can be

developed as it saves computational time and cost.

The aggregate interlocking is dependent on the nominal size of aggregate
(NMAS) used in concrete, groove depth and addition of fibers to concrete. There is a
need to evaluate the performance of aggregate interlocked joint considering these
significant factors. The poor performance of aggregate interlocked joints results in poor
performance of white-topping and short panelled concrete pavements. Thus, there is a
need to evaluate the performance of the aggregate interlocked joints in the laboratory
at the design stage. The ANN model has to be developed that can properly estimate the
joint stiffness of whitetopping to assess the performance of aggregate interlocked joints
during service life. The experimental and model results can be utilised to formulate the
guidelines to design and maintain the white topping and short panelled concrete

pavements for Indian conditions.
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CHAPTER 3

MATERIALS AND METHODOLOGY

3.1 GENERAL

This chapter provides a brief description of the materials used to prepare pavement
quality concrete (PQC) mix and the experimental procedures employed to achieve the
objectives of the present research.

3.2 MATERIALS
3.2.1 Cementitious materials

The Ordinary Portland Cement (OPC-43 grade) conforming to IS 269-2015 and GGBS
conforming to 1S 12089-1987 were used to prepare PQC mixes. The percentage of
GGBS was limited to 50% as per IRC 44-2017. The physical properties of binder
materials, cement and GGBS, are tabulated in Table 3.1 and Table 3.2, respectively.

Table 3.1 Physical properties of cement (OPC-43 grade)

SI. No.  Tests Test results Requirements as per code

1 Initial and final Setting time 52 minutes and Minimum 30 minutes and
242 minutes, Maximum 600 minutes,
respectively respectively

2 Specific surface of cement 3240 cm?/gm Minimum 2250 cm?/gm

3 Specific gravity test 3.15 -

Table 3.2 Physical and chemical properties of GGBS

Physical Properties

Loss of ignition 0.04%
Specific gravity 2.8
Insoluble residue 0.3
Bulk density (kg/m?®) 1200

Specific surface area (m?/kg) 370
Chemical Properties

CaOo 41
SiO, 35
Al>O3 11
Fe,O3 1
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3.2.2 Coarse aggregates

The granitic aggregates are from igneous rock origin and the igneous rocks are
generally hard, strong and durable. The aggregates from the igneous rock origin are
suitable for road construction (Kazi and Al-Mansour 1980). Due to the availability of
granitic aggregates and their influence on the fracture properties of concrete, the
crushed granitic aggregates were used in the present study. The coarse aggregates were
obtained from a local quarry. The aggregates used in this study conform to the
requirements of MoRT&H (2013) fifth revision specifications. The physical

requirements of the coarse aggregates are presented in Table 3.3.

Table 3.3 Physical properties of coarse aggregates

Properties Crushed Granite ~ Requirement as per
aggregates MoRT&H (5™
Results revision)

Specifications

Aggregate Los Angeles  24% Maximum 35%

abrasion value

Water absorption 0.3% Maximum 2%

Combined flakinessand  25% Maximum 35%

elongation index

Specific gravity test 2.69 -

Aggregate crushing value 21% -
Aggregate impact value  22% -

3.2.3 Fine aggregates

In the present study, clean, dry river sand obtained from a local supplier conforming to
IS: 383-2016 is adopted. The physical properties of the fine aggregates are presented in
Table 3.4.

Table 3.4 Physical properties of fine aggregates

Tests Test procedure as per I1S-code Results
Specific gravity test  1S: 2386-1963 (Part 3) 2.54
Water absorption IS: 2386-1963 (Part 3) 1%
Sieve analysis IS: 383-1970 Zone-lI

Three gradations with different nominal sized aggregates were used in this research in

order to study the effect of nominal maximum aggregate size (NMAS) on the shear
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strength properties of PQC mixes. The aggregates of 19 mm NMAS were used in the
preparation of micro and macro fiber reinforced PQC mixes. Table 3.5 presents the
recommended combined grading of fine and coarse aggregates for different NMAS and
Figure 3.1 shows the adopted combined aggregate gradation for each NMAS.

Table 3.5 Recommended combined grading of fine and coarse aggregates for
different NMAS (IRC:44-2017)

Sieve Percentage weight by passing
Designation NMAS
31.5 mm 26.5 mm 19 mm
37.5mm 100 100 100
31.5 mm 90-100 100 100
26.5 mm 85-95 90-100 100
9.0 mm 68-88 75-95 90-100
9.5mm 45-65 50-70 48-78
4,75 mm 30-55 30-55 30-58
600 p 8-30 8-30 8-35
150 p 0-10 0-10 0-12
75 1 0-2 0-2 0-2
(Wet Sieving)
100
9 & 3L.5mm --e-265mm q
g0 —®—19mm ,f
70
g 0
g so
S 40
30
20
10
0
0.01 100

Sieve size (mm)

Figure 3.1 Adopted combined aggregate gradation for each NMAS 19, 26.5 and 31.5
mm
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3.2.4 Chemical Admixture

A commercially available Chloride free Naphthalene Sulfonate admixture having a
specific gravity of 1.05, conforming to IS 9103-1999, was added to improve the
workability of the concrete mixture, ensuring that the other concrete parameters such
as segregation, ultimate strength and concrete permeability are unaffected. An amount
of 1% admixture by weight of the binder was added to achieve the desired slump of 0
to 25.

3.2.5 Water

Potable water conforming to IS: 456-2000 was used for mixing and curing of PQC
mixes with or without the addition of fibers.

3.2.6 Fibers

In the present study, two types of polypropylene fibers, shown in Figure 3.2, were used
to prepare the fiber-reinforced PQC mixes. One was polypropylene monofilament
micro-fiber (Recron 3s) provided by M/S Concrete Solutions, Mangalore, India. The
other was polypropylene waved macro-fiber provided by Kalyani Polymers Pvt. Ltd.,
Bangalore, India. The properties of both micro and macro-fibers are presented in Table
3.6.

Polypropylene micro-fiber (Recron 3s) Polypropylenewaved macro-fiber

Figure 3.2 Polypropylene fibers used in the present study

40



Table 3.6 Physical properties of fiber

Properties Results
Micro-fiber (source: M/S  Macro-fiber (source:
Concrete Solutions, Kalyani Polymers
Mangalore, India Pvt. Ltd., Bangalore)

Cross-section Triangular Rectangular

Structure Monofilament Waved

Length (mm) 12 48

Diameter/Thickness (mm) 0.038 0.89

Aspect ratio (length/diameter) 320 54

Specific gravity 0.90 0.91

Tensile strength (MPa) 410 600

Modulus of elasticity (MPa) 5445 14240

3.3 MIX DESIGN OF PLAIN AND FIBER REINFORCED PQC MIXES

The mix design was carried out for the M40 grade of PQC as per IRC 44-2017.
The water-binder ratio (w/c) of 0.36 was maintained constant for all the concrete mixes
to achieve a slump of 25 mm. The concrete mixtures with NMAS 19 mm, 26.5 mm,
and 31.5 mm were designated with Al19, A26.5 and A31.5, respectively. The
proportions of ingredients of concrete prepared using these three different NMAS for
M40 grade of concrete are presented in Table 3.7.
Table 3.7 Proportions of plain PQC mix (kg/m?3)

Mix ID Water Cement GGBS Fine Coarse  Superplasticizer
aggregates aggregates
Al9 144 200 200 666 1304 4
A26.5 135 188 188 631 1414 3.75
A31.5 130 181 181 624 1320 3.62

The fiber reinforced PQC mix design was also carried out as per IRC 44-2017.
One set of fiber reinforced PQC mixtures were prepared using the 19 mm NMAS. The
polypropylene micro-fiber (Recron 3s) was added by varying the dosages 0.9, 2.1 and
3.0 kg/m® by volume and designated with F0.9, F2.1 and F3.0. Another set of fiber
reinforced PQC mixtures were prepared with three different dosages of 0.25%, 0.50%
and 0.75% total volume of the concrete mix using the 19 mm NMAS and were
designated with PF 0.25, PF 0.5 and PF 0.75.
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3.4 PRELIMINARY TESTS ON PLAIN AND FIBER REINFORCED PQC

3.4.1 Workability of fresh plain and fiber reinforced PQC mixes

The slump test was conducted using the standard Abraham's slump cone on plain and
fiber reinforced PQC fresh mixes. The workability and consistency of the plain PQC
mix prepared using different NMAS, and fiber reinforced PQC mix with micro and

macro-fibers were determined by conducting the slump cone test as per 1S 1199-19509.

3.4.2 Hardened mechanical plain and fiber reinforced PQC mixes

The hardened mechanical properties of plain PQC mixtures prepared using different
NMAS and fiber reinforced PQC mixes prepared using varying dosages of micro and
macro-fibers were determined. The hardened properties of plain PQC and fiber
reinforced PQC mixes such as compressive strength, flexural strength, split tensile
strength, and modulus of elasticity (E) were determined after 28 days of curing in the
water. The compressive strength test was conducted on a standard 150 x150 x 150 mm
cube specimen, and the flexural strength test was conducted on 100 x 100 x 500 mm
beam specimens. A standard cylinder of size 150 mm in diameter and 300 mm in height
was used for conducting the split tensile strength and elastic modulus tests. The
compressive strength, flexural strength and modulus of elasticity tests were performed
according to IS 516-1959, and the split tensile strength test was conducted according to
IS 5816-1999.

3.5 PRELIMINARY TESTS RESULTS

3.5.1 Slump test

The workability of plain and fiber reinforced PQC mixtures measured in terms of slump
values are tabulated in Table 3.8. It is seen from Table 3.8 that the slump value
decreases with an increase in NMAS of plain PQC mixtures. This is due to the reduction
in water content with an increase in NMAS. The slump values are lower for the fiber
reinforced PQC mix when compared to the PQC mix. The slump value decreases with
an increase in the dosages of micro-fibers. A similar trend can be seen in the literature
(Karimipour 2022; Karimipour and de Brito 2021). Also, the slump value decreases

with an increase in fiber dosages for the fiber reinforced PQC mix prepared using macro
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polypropylene fibers. The reduction in slump value is due to the increase in cohesive

forces and bonding between fibers and concrete matrix (Fallah and Nematzadeh 2017).

Table 3.8 Slump values of concrete mixes

Type of concrete mix Mix ID

Slump Value (mm)

Plain PQC

Micro-fiber
reinforced PQC

Macro-fiber
reinforced PQC

Al9

A26.5
A31.5

F0.9
F2.1
F3.0

PF0.25
PF0.50
PFO.75

22
20
18
19
17
15
20
19
17

3.5.2 Compressive strength

The 28 days compressive strengths (with 95% confidence interval) of plain pavement

quality concrete mixtures prepared using three different NMAS 19, 26.5 and 31.5 mm

and micro and macro-fiber reinforced PQC mixtures are presented in Figure 3.3.
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Figure 3.3 Compressive strength test results for different PQC mixes

It can be seen that the compressive strength decreases with an increase in NMAS of

PQC mix specimens. This is due to the formation of the weaker interfacial transition
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zone (ITZ) in the concrete mix (Mehta and Monteiro 2014). The compressive strength
is higher for fiber reinforced PQC. However, the compressive strength increases with
increased fiber content up to a certain value, beyond which decreases with increased
fiber dosages for both micro and macro-fiber reinforced PQC mix specimens. The lower
volume fractions of fiber improve the bridging of microcracks and reduce the formation
of the pores in the concrete mix, but the high volume of fiber fractions results in fiber
clumping and increase the chances of pore formation in the concrete mix, which results
in lower compressive strengths. Similar observations can be seen in the literature for
both micro-fiber reinforced concrete (Fallah and Nematzadeh 2017; Yazici et al. 2015)
and macro-fiber reinforced concrete(Alberti et al. 2014; Yazdanbakhsh et al. 2015).

3.5.3 Flexural strength

The flexural strength tests were conducted after 28 days of curing in water. The flexural
strengths (with 95% confidence interval) of plain pavement quality concrete mixtures
prepared using three different NMAS and micro and macro-fiber reinforced PQC

mixtures are presented in Figure 3.4.
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Figure 3.4 Flexural strength test results for different PQC mixes

It can be observed from Figure 3.4 that with the increase in NMAS, the flexural strength
decreases. The results are similar to the tests results reported by Kasu et al. (2019). The

use of micro-fibers and macro-fiber increases the flexural strength of concrete as these
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fibers bridge the matrix and aggregate, increasing the bond strength. However, in the
case of micro-fiber reinforced PQC, the flexural strength increases up to an optimum
dosage and decreases with a further increase in the fiber dosage. This is due to the
agglomeration of micro-fibers in the concrete with an increase in fiber dosage (Kasu et
al. 2020). In the case of macro-fiber reinforced PQC with an increase in fiber dosages,
the flexural strength increases as the chances of fiber cluster are reduced due to even

distribution of fibers in the concrete mix (Fallah and Nematzadeh 2017).

3.5.4 Split tensile strength

The split tensile strength tests were conducted on the plain PQC mixtures prepared
using three different NMAS and micro, and macro-fiber reinforced PQC mix specimens

after curing them in water for 28 days. The test results are presented in Figure 3.5.
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Figure 3.5 Split tensile strength test results for different PQC mixes

It is observed that with an increase in the NMAS, the split tensile strength
decreases. In micro-fiber reinforced PQC with increased fiber dosage, split tensile
strength increases initially up to an optimum value beyond which the split tensile
strength reduces. The increase in split tensile strength up to the optimum value is due
to the increase in stress transfer by the random orientation of fibers in the concrete mix.
The reduction in strength value beyond optimum is due to increased pores in the

concrete mix (Noushini et al. 2013, 2014). The increase in fiber dosages increases the
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chances of water absorption, resulting in stiff cement paste due to inappropriate
hydration (Siamardi and Shabani 2021). For macro-fiber reinforced PQC, the split
tensile strength increased with increased fiber dosages up to 0.5% of volume, beyond
which it reduces marginally. This may be attributed to the orientation and distribution

of fibers in the concrete mix.
3.5.5 Modulus of elasticity

The 28 days elastic modulus (with 95% confidence interval) of plain pavement quality
concrete mixtures prepared using three different NMAS 19, 26.5 and 31.5 mm and

micro and macro-fiber reinforced PQC mixtures are presented in Figure 3.6.
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Figure 3.6 Modulus of elasticity test results for different PQC mixes

In plain concrete specimens, with an increase in the NMAS, the modulus of
elasticity of concrete decreases. The higher NMAS in the concrete mix increases the air
content resulting in a lower modulus of elasticity. The test results are in line with the
findings reported by Saouma et al. (1991) for the concrete used for dams. In micro-
fiber reinforced PQC mix specimens, with the increase in fiber dosage, elastic modulus
increases initially and reduces thereafter due to the clumping of micro-fibers in the
concrete mix (Noushini et al. 2013, 2014). The modulus of elasticity increases with
increased fiber dosages in macro-fiber reinforced PQC due to the increased potential of

crack bridging of fibers in the concrete.
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3.6 SHEAR TEST METHODOLOGY
3.6.1 Specimen preparation for direct shear test

In the present research work, the cylindrical specimens of size 150 mm in diameter and
170 mm in height with preformed grooves of depths 50 mm (1/3™ of diameter) and 37.5
mm (1/4" of diameter) were prepared to conduct the shear test. The width of the groove
was kept constant (5 mm) for all the specimens. To prepare the cylindrical specimens
with preformed grooves, the usual cylindrical moulds which are used for preparing
concrete specimens for split tensile strength tests of size 150 mm diameter and 300 mm
height were modified. Circular rings of two different inner diameters, 100 mm and
112.5 mm, and outer diameter 150 mm, are welded at the height of 100 mm from the
base of the cylindrical mould. The concrete mix proportions were mixed, weighed and
poured into the properly lubricated modified cylindrical moulds and the next day,
specimens were carefully unmoulded. Utmost, care was taken while unmoulding the
samples. The samples are cured in a water tank for 28 days. Figure 3.7 shows the contact

area at groove regions for two different GD considered for the study.

Contact area
d ,_f f

100 150

(@) (b)

All dimensions are in mm

Figure 3.7 Contact area at grooved regions for different GDs (a) 1/3" of diameter and
(b) 1/4" of diameter

3.6.2 Static direct shear strength test

The direct shear strength test methodology proposed and used in this study
consists of a compression testing machine of five tonnes capacity and a direct shear test

apparatus. The schematic diagram of the shear test apparatus is shown in Figure 3.8. As
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shown in Figure 3.8, the test apparatus has three sections which include an upper and
lower cylindrical section and a semi-circular shearing head section. The lower section
is fixed to the bottom plate, and the upper section is placed on the specimen. The upper
and lower cylindrical sections act as a stationary sample holder, whereas the shearing
head segment moves down during shear force application. A 5 mm gap is maintained
between the static sample holder and shearing head sections to allow the direct shear
load at the grooved cross-section. The horizontal locking plate is fastened at the top to
eliminate the effect of bending moment. The direct shear test apparatus used for the
present study is developed by the authors Jayakesh and Suresha (2018) for determining
the interfacial bond strength of bituminous and concrete layer in the ultrathin white
topping (UTW). The compression testing machine is fitted with a loading frame and
dial gauges with a least count of 0.01 mm.

Load Load
Locking
Plate

Semi circular
shear head
Grooved

cross-section
Stationary
holder

PQC
specimen

Bottom
plate

Side View Front View W

Figure 3.8 Schematic diagram of the shear test apparatus

All dimensions are in mm

The cylindrical specimens, test apparatus and failed specimens after the test are
shown in Figure 3.9 (a) — (d).
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Locking Plate

Shearing head

Cylinder with
preformed
groove

100 mm

Preformed groove

B | o | B |
(c) 37.5 mm GD (1/4" of diameter) (d) 50 mm GD (1/3' of diameter)

Figure 3.9 (a) Cylindrical concrete specimen, (b) Shear loading test setup, (c) and (d)
failed plain PQC specimens

The load dial gauge readings are taken at different deformations. The ultimate
shear load is noted for maximum deformation. The shear strength (t) is calculated using

the following formula for two different GDs.

For a GD of 1/3" of diameter, T = (ﬁ) (3.1)
For a GD of 1/4" of diameter, T = (m) (3.2)

Where 7 is shear strength in N/mm?, P is shear load in N and d is the diameter of

cylindrical specimen in mm.

The joint shear stiffness (K) is determined by taking the slope of the linear
portion of the shear stress against the shear displacement curve, as shown in Figure
3.10. Stage | is a region of free slip, where a displacement occurs under a very low
shear stress. The amount of free slip that occurs is primarily dependent on the surface
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characteristics of the joint. Stage Il is a region of linear stiffness with displacements
increasing in proportion to the applied load. Stage 1l starts on the onset of heavy
crushing and/or fracturing of the aggregate and the concrete matrix. This action results
in degradation of joint stiffness with the rate of displacements increasing continuously

as the applied load is increased, until a peak shear stress is reached (Wattar 2001).
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Figure 3.10 Shear stress Vs shear displacement curve for PQC mix (Wattar 2001)

The fracture energy in mode Il (Gyf) is obtained by dividing the area under the shear
load-displacement curve by the shear resisting area. The area under the shear load-
displacement curve (Figure 3.11) is obtained by integrating the best-fit equation for the

experimentally obtained curve (Rao et al. 2011).

Area under the curve

Applied Load (kN)

1 T L] T T 1

Displacement (mm)

Figure 3.11 Shear load Vs shear displacement curve for PQC mix (Rao et al. 2011)
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3.6.3 Shear fatigue test

The repeated loading system of five tonnes capacity was utilised for running the fatigue
shear tests. The fatigue loading machine (along with the shear test apparatus) used in
the present study is shown in Figure 3.12.

Load cell

Vertical LVDTs

Shear test set-up
along with specimen

Figure 3.12 Repeated load system of five tonnes capacity used for shear fatigue loading

The repeated load testing instrument used in the present study is capable of
applying a maximum loading frequency of 2 Hz. Also, it was observed from the
literature that most of the researchers had selected loading frequency as 2 Hz for
conducting flexural fatigue tests on concrete slabs (Roesler et al. 2005; Roesler and
Barenberg 1999) and repeated shear tests on joints (Wattar 2001). Thus, a loading

frequency of 2 Hz was used in the present study to save the testing time.

A frequency of 2 Hz with three stress levels of 80, 85 and 90% was applied on
the grooved concrete cylindrical specimens after 28 days of curing. The stress level is
the percentage load value applied in a repeated load test to the ultimate failure load
value obtained from the static direct shear strength test. A minimum seating load of 40

kg was applied to all the specimens. The loading waveform is a haver-sine wave in

51



which loads were applied from minimum (seating load) to maximum load (applied load
corresponding to stress level). This waveform is almost similar to the traffic loads
applied on the pavement. The applied load is measured for each cycle, and the test is

stopped once the specimen fails.

3.6.4 Statistical analysis of shear fatigue test data

The statistical analysis was conducted on the obtained shear fatigue data using
MINITAB (Release 17, trial version). To understand the effect of GD and stress levels
on the shear fatigue performance of various PQC mixtures and to represent the same
graphically, the Kaplan-Meir (K-M) Survival analysis was used in the present study.
The Kaplan-Meir (K-M) analysis is a widely utilized method for analyzing fatigue data
without the assumption of any distribution. Further, the survival plots obtained from K-
M analysis would pictorially represent the effect of different parameters on fatigue
lives. The K-M plots provide the graphical representation of the probability of an event
at any given time interval. The theory is being used in the medical field mainly to study
the survival probability of cancer patients (Usman et al. 2014). In recent years this
theory is being used to assess the performance of fatigue data of concrete specimens
(Chandrappa and Biligiri 2017; Kasu et al. 2019). Also, the K-M plots were used to
compare the survival probabilities of PQC specimens at three different stress levels and
two GDs. The log-rank test was used to compare the survival curves. The obtained shear
fatigue data were fitted to 3- parameter Weibull and lognormal distribution. To assess
the goodness of fit of the distribution, the Anderson-Darling test was performed

(Chandrappa and Biligiri 2016; Zimmermann et al. 2012).

3.7 LABORATORY EVALUATION METHODOLOGY FOR LOAD
TRANSFER IN AGGREGATE INTERLOCKED JOINTS

3.7.1 Specimen preparation for load transfer evaluation

The standard beam specimens of size 100 x 100 x 500 mm that are generally used for
flexural strength tests were used to evaluate load transfer through aggregate
interlocking. The beam specimens were prepared as per 1S 516: 1959. After curing the

concrete beam specimens in water for 28 days, the concrete specimens were grooved at
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the centre for two groove depths (1/3 and 1/4™ of depth). The beam specimens were
placed inverted under a flexural testing machine and loaded exactly at the centre to

create an artificial crack to the full depth of the beams.

3.7.2 Joint load transfer evaluation test

A small-scale laboratory test set-up has been fabricated to simulate the load transfer in
aggregate interlocked joints. The test setup consists of a 20 mm thick plate having a
width of 240 mm and a length of 700 mm. Two L sections of dimension 70 mm x 150
mm x 20 mm are provided to restrain the moment at the end of the beams. This also
restrains the cantilever action that may take place due to loading near the joint. Another
two rectangular sections of dimension 200 mm x 58 mm x 10 mm are bolted at a
distance of 1/4™ of length from the ends of the beam to resist any moments that act on
the beam. A rubber pad having modulus equivalent to the base condition was placed
below the beam. The schematic representation of the test setup is shown in Figure 3.13.

o] 0 51050 10—, '@jﬂ_\.\
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LOAD LVDTs
' /?r Concrete Beam specimen
' 33.33 /
* —‘ 100
- ~ T T 20
| | *
Crack below the saw-cut Rubber pad simulating base
SIDE VIEW

ALL DIMENSIONS ARE IN MM

Figure 3.13 Test setup used to simulate the load transfer in aggregate interlocked

joints
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The repeated load testing instrument capable of applying a maximum loading
frequency of 2 Hz was used to apply the repeated load. The test setup and the specimen
resting on the rubber pad were placed under the repeated load testing instrument, as
shown in Figure 3.14.

LVDTs

Cracked beam specimen

Test set-up

Figure 3.14 Small-scale test setup along with specimen

The load was applied at a distance of 10 mm away from the joint. The load
amplitude was kept as 2000 kg for all the specimens. The part of the beam which is
loaded simulates the loaded slab, and the other part of the beam represents the unloaded
slab. Two LVDTs were placed on these two parts of the beam at the corners that
automatically record the deflections at each cycle. The crack width was measured using
the ruler shown in Figure 3.15. The crack widths were noted manually at different

repetition cycles.
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Figure 3.15 Crack width ruler used in the present study

3.8 3-D FE MODEL

A 3-D finite element (FE) model was developed in ANSY'S for the two proposed
test methodologies to evaluate the aggregate interlocking in terms of shear parameters
and LTE. The concrete cylindrical and beam specimens were modelled using the eight
noded SOLID185 brick elements with three degrees of freedom. The aggregate
interlocking was modelled using the COMBIN14 spring elements. The same elements
were also used to model the fibers contributing to aggregate interlocking in fiber
reinforced PQC mixtures. The test results are compared with simulation results.

3.9 FIELD EVALUATION OF AGGREGATE INTERLOCKED JOINTS OF
WHITETOPPING USING FALLING WEIGHT DEFLECTOMETER

3.9.1 Description of falling weight deflectometer (FWD)

The field study was carried out using the KUAB 70 vehicle-mounted falling weight
deflectometer shown in Figure 3.16. The device can apply loads in the range of 10-70
kN. The device consists of an impact loading arrangement in which a load cell is used
to measure the load and seven geophones to record the deflections. The deflection

sensors can measure the pavement surface deflection with an accuracy of 1um.
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Figure 3.16 KUAB 70 vehicle-mounted falling weight deflectometer (FWD)
3.9.2 Field FWD experimental plan
The whitetopping pavement stretch selected for evaluation was the seventh main road,
Dodda Banaswadi, Bangalore. The selected stretch for evaluation is shown in Figure
3.17.
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Figure 3.17 Selected stretch for joint performance evaluation (Source: Google Maps)

The whitetopping stretch selected for evaluation has a length of 1.17 km, the panels are
of size 1.5 m x 1.5 m, and the thickness of whitetopping is 200 mm. The selected stretch

was designed and constructed as per IRC: SP:76-2015.
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3.9.3 Field evaluation procedure

As of now, there are no fixed guidelines available to conduct the FWD tests on
whitetopping pavements. In the present study, IRC:117-2014 is followed to perform
the FWD tests on whitetopping. The loading plate was placed on the edge of the slab
panel so that the center of the loading plate was at a location at a distance of -150 mm

away from the joint, as shown in Figure 3.18.

Figure 3.18 Falling weight load applied at the joint

The schematic representation of load and deflection measurement arrangement is

shown in Figure 3.19.

Loaded slab Un-loaded slab

T

231 4 5 & 7

Loading Plate 300
mm in diameter

— 15m || 15m ————»

Figure 3.19 Load and deflection measurement arrangement in FWD

As shown in Figure 3.19, the first deflection sensor is at a distance of -150 mm away
from the joint on the loaded slab, and the other six sensors are at a distance of +50 mm,
+150 mm, +300 mm, +450 mm, +750 mm and +1050 mm away from the joint, on the

unloaded slab. The load was applied thrice on the slab, and the corresponding
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deflections of all seven sensors were recorded automatically in the computer connected
to the device.

The deflection LTE is calculated using the following formula for the FWD data.

LTE = f x282 x 100 (3.3)

Dysg

where [ is the correction factor when deflection sensors are at a distance of 300 mm
apart, and its value lies between 1.05 and 1.15. D1so is the measured deflection of the
unloaded slab at a distance of 150 mm away from the joint. D.1s0 IS the measured
deflection of the loaded slab at a distance of 150 mm away from the joint. The deflection
response measured on the unloaded slab at a distance of +50 mm, +150 mm, +300 mm,
+450 mm, +750 mm and +1050 mm away from the joint gives the deflection profile of
the unloaded slab. The deflection value at the joint is obtained by interpolation. The
value thus obtained is added with a factor of (D-150 - D1so) % 1.06 to get the interpolated
deflection value of the loaded slab at the joint. The deflection difference between these

two interpolated points gives the vertical joint shear displacement at the joint.
3.10 ANN model

The ANN model was developed using MATLAB software. The detailed steps followed
to improve the existing model to calculate joint stiffness directly from FWD data and
various ANN models developed using the available analytical models determining the

joint stiffness are presented in Chapter 7.
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CHAPTER 4

LABORATORY EVALUATION OF SHEAR PARAMETERS OF AGGREGATE
INTERLOCKED JOINTS

4.1 GENERAL

In this chapter, the laboratory evaluation of aggregate interlocked joints in terms of joint
shear strength (7), joint shear stiffness (K), and fracture energy in mode II (Gyr) using
the proposed direct shear test methodology is considered. The influence of nominal
maximum aggregate size (NMAS) and groove depth (GD) on shear parameters of plain
concrete mix and the influence of GD and varying dosages of micro and macro-fibers
on shear parameters of fiber reinforced PQC mix are presented. The section aims to
evaluate the influence of these parameters under fatigue shear loading at different
higher stress levels. To evaluate the effect of NMAS and the influence of GD and
varying dosages of micro and macro-fibers on the shear parameters of the concrete
mixtures under static and fatigue loading, about 360 cylindrical specimens with two
groove depths were considered. The statistical analysis of shear fatigue data is also
carried out to understand the effect of stress level and groove depths on the shear fatigue

response aggregate interlocked joints.
4.2 LABORATORY EXPERIMENTAL PLAN

The plain concrete specimens and micro and macro-fiber reinforced PQC cylindrical
specimens with preformed groove were prepared, as explained in Chapter 3 of section
3.6.1. The details of the test specimens used for evaluating the shear parameters of
aggregate interlocked joints are tabulated in Table 4.1.
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Table 4.1 Details of test specimens for laboratory evaluation of shear parameters

Mix NMAS Fiber dosage Number of specimens

ID Used Micro Macro For static direct shear  For fatigue shear test at three
(mm)  fiber fiber  test at two groove stress levels (80%, 85% and

depths (37.5mmand  90%) at two groove depths

50 mm) (37.5mm and 50 mm)
Al19 19 - - 5x2=10 5x3x2=30
A26.5 26.5 - - 5x2=10 5x3x2=30
A315 315 - - 5x2=10 5x3x2=30
F0.9 19 0.9kg/m3 - 5x2=10 5x3x2=30
F2.1 2.1kg/m3 - 5x2=10 5x3x2=30
F3.0 3.0kg/m?® - 5x2=10 5x3x2=30
PF0.25 - 0.25% 5x2=10 5x3x2=30
PF0.50 - 0.50% 5x2=10 5x3x2=30
PF0.75 - 0.75% 5x2=10 5x3x2=30

Total = 360

4.3 RESULTS AND DISCUSSIONS
The results and discussions of the present investigations are discussed in the following

sections.

4.3.1 Static direct shear strength (1)

The direct shear strengths of five samples each of concrete mix A19, A26.5, A31.5,
F0.9, F2.1, F3.0, PF0.25, PF0.50 and PF0.75 with GD 1/4™ of diameter and 1/3" of
diameter are tabularised in Table 4.2. From Table 4.2, it can be noticed that for a given
concrete mix, whether plain or fiber reinforced, the static direct shear strength reduces
with the increase in GD. This is due to the lower area of contact (resisting area) at the
grooved cross-section (Rao et al. 2011). The concrete mix specimen prepared using the
macro-fiber with a dosage of 0.75% having a groove depth of 37.5 mm (1/4" of
diameter) showed the highest static direct shear strength compared to the other concrete
mix. The obtained static direct shear strengths were lowest for the plain PQC mix
prepared using 19 mm NMAS having a groove depth of 50 mm (1/3" of diameter).
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Table 4.2 Static mean shear strength of concrete mixtures

Mean shear strength (MPa)

For Groove Depth

Type of concrete . _
) Mix ID For Groove Depth= "
mix 375mm (14 of 50dr_“m (tl’ 3% of
diameter) lameter)

Plain PQC Al19 1.31 1.06
A26.5 1.43 1.29
A315 1.61 1.45
Micro-fiber F0.9 1.34 1.29
reinforced PQC F2.1 1.42 1.35
F3.0 1.32 1.26
Macro-fiber PF0.25 1.62 1.38
reinforced PQC PF0.50 1.78 1.52
PF0.75 1.93 1.70

The shear strength increases with the increase in NMAS used in the PQC. This
increase in shear strength is due to the use of a larger size of aggregates which improve
the aggregate interlocking at the interface/joint (Walraven 1980). Similar findings have
been reported by Yang et al. (2012) for monolithic concrete joints without transverse
reinforcement and Yi et al. (2017) for beams without shear reinforcement after
conducting push-off tests. The static shear strength of A31.5 concrete mix specimens
with a GD of 1/3™ diameter is much closer to the value of shear strength obtained for
A26.5 mix with a GD of 1/4" the diameter. This shows the significance of GD on the

shear strength of PQC mixes when larger sized aggregate is used.

It is found from the test results that the shear strength of micro-fiber reinforced
PQC mixes at the grooved cross-section increases with an increase in fiber dosage up
to 2.1 kg/m* and the shear strength decreased for the dosage of 3.0 kg/m®. This may be
due to air entrapped at the cross-section with increased fiber dosage. The percentage
increase in shear strength was highest for the fiber dosage of 2.1 kg/m? of about 8.40%
and 27.36% for GD of 37.5 and 25mm, respectively, when compared to the A19 plain
concrete specimens. The obtained results are in agreement with the findings reported
by Xu et al. (2020).

The shear strength of macro-fiber reinforced PQC mixes at the grooved cross-
section increases with an increase in fiber dosage irrespective of the groove depth.
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Similar findings have been reported by Lakavath et al. (2021) for prestressed macro-
fiber reinforced concrete beam specimens. For a GD of 37.5 mm, the addition of macro-
fiber improves the shear strength of plain concrete A19 mix by 23.66%, 35.88% and
47.33%, and for a GD of 50 mm, by 30.19%, 43.40% and 60.38%, respectively, for the
macro-fiber reinforced PQC mix PF0.25, PF0.50 and PFO0.75, respectively. Also, it can
be noticed that the shear strengths of all macro-fiber reinforced PQC mixtures are
higher than the shear strengths of plain concrete mixes at a GD of 37.5 mm and a GD
of 50 mm, except for PF0.25 mix, the other two macro-fiber reinforced PQC mixtures
have higher shear strengths compared to the plain concrete mixes prepared using
different NMAS.

4.3.2 Joint shear stiffness (K) and fracture energy mode Il (GnF)

The joint shear stiffness (K) and fracture energy mode Il (Gir) of PQC, micro-fiber
reinforced PQC and macro-fiber reinforced PQC mixtures with GD 1/4™ of diameter
(37.5 mm) and 1/3" of diameter (50 mm) with 95% confidence interval are plotted in
Figure 4.1 (a) & (b), (c) & (d) and (e) & (f), respectively.
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Figure 4.1 95% confidence interval plots of joint shear stiffness (K): (a), (c) and (e)
and mode Il fracture energy (Gir): (b), (d) and (f), respectively, for PQC,
micro and macro-fiber reinforced PQC mixtures

As per the literature, 90%, 95%, and 99% CI are the most commonly used
confidence intervals. A 90% CI would be narrower than a 95% CI. As the precision of
the confidence interval increases, the CI width decreases. The reliability of an interval
containing the actual mean decreases, which means that ClI covers less of a range of
mean. Also, in 99% ClI, as the confidence level increases, the margin of error increases,
which means that the interval is wider (Dekking et al. 2005). Thus, in the present study
95% CI is used to understand precision of obtained experimental data. The shear stress
Vs shear displacement for all the PQC mixes is given in Appendix A from which the

joint shear stiffness and fracture energy values were obtained.
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It is seen from Figure 4.1 (a), (c), and (e) that for any concrete mix, whether it
is plain or fiber reinforced, larger the GD, smaller is the K value. The increase in GD
decreases the potential area of contact of aggregates at the grooved cross-section and
results in lower K values in PQC specimens, whereas lower K values in FRC specimens
with the increase in GD is due to the reduced the number of fibers contribution at the
grooved cross-section.

It is observed that the percentage increase in K value, when GD is decreased
from 1/3" to 1/4" of the diameter is 5.93%, 4.19% and 9.66%, for the PQC mix A19,
A26.5 and A31.5, respectively. In the case of the A31.5 PQC mix, GD significantly
influences the K value. For a given GD, the K value increases with an increase in
NMAS. When the GD is 1/4™ of diameter, the K value of A26.5 and A31.5 are 1.24
and 1.67 times that of A19 PQC mix, respectively. However, when the GD is 1/3" of
diameter, the K values of A26.5 and A31.5 are 1.26 and 1.57 times that of A19 PQC
mix, respectively. This shows that the use of larger NMAS has no significant
improvement in the K value when GD is higher. The obtained results are in agreement
with the test results of Wattar (2001). From the visual examination of cracked surfaces
of the specimens, it is observed that the roughness of crack surfaces increased with the
increase in NMAS, which improves the interlocking of two surfaces, thus increasing
the K value. Similar findings can be seen in the study conducted by Yi et al. (2017).

From Figure 4.1 (c), it is seen that the K value increases with an increase in
micro-fiber content up to 2.1 kg/m® and decreases with a further increase in fiber
dosages. For the F0.9 mix, the K values increased by 21.87% and 25.46%, respectively,
for the GD of 37.5 mm and 50 mm compared to A19 PQC mix specimens. With an
increase in fiber dosage from 0.9 to 2.1 kg/m?3, the K value increased by 19.38% and
18.75%, respectively, for the GD of 37.5 mm and 50 mm and decreased by 26.29% and
33.08%, respectively, for the GD of 37.5 mm and 50 mm with an increase in dosage to
3.0 kg/m3. The K value increases with an increase in fiber dosage in the case of macro-
fiber reinforced PQC. From Figure 4.1 (c), it is observed that there is a significant
improvement in K values of macro-fiber reinforced PQC specimens for lower GD. This
is due to more number of fibers contributing to the bridging action across the grooved
cross-section. When the GD is 1/4™ of diameter, the K value of PF0.25, PF0.50 and
PFO0.75 are 1.57, 1.83 and 1.99 times that of A19 PQC mix, respectively. However,

65



when the GD is 1/3" of diameter, the K values of PF0.25, PF0.50 and PF0.75 are 1.28,
1.53 and 1.93 times that of A19 PQC mix, respectively. Also, the PF0.75 mix has the
highest K value when compared to the other concrete mixtures under study. This shows
that the higher the macro-fiber content improves the K value significantly, which
indicates an improvement in the performance of aggregate interlocked joints.

From Figure 4.1 (b), it is seen that for any given PQC mix, Gy decreases with
the increase in GD. The results are in line with the findings reported by the researchers
both in mode I and mode Il loading (Hillerborg 1985; Issa et al. 2003; Kumar and Rao
2010; Rao et al. 2011). The percentage increase in Gyr values when GD is decreased
from 1/3" of diameter to 1/4™ of diameter is 4.96%, 7.37% and 16.58% for PQC mix
Al19, A26.5 and A31.5, respectively. GD has a larger influence on the Gyr in the case
of the A31.5 PQC mix. It is reported in the literature that with the increase in NMAS,
fracture energy increases for normal concrete in mode | (Elices and Rocco 2008;
Hillerborg 1985; Issa et al. 2003; Nallathambi et al. 1984). In the present study, the G
increased with the increase in NMAS, when GD is kept constant. When the GD is 1/4"
of diameter, the Gir of A26.5 and A31.5 are 1.25 and 1.78 times that of A19 PQC mix,
respectively. However, when the GD is 1/3" of diameter, the Gyr of A26.5 and A31.5
are 1.22 and 1.57 times that of A19 PQC mix, respectively. The same inference can be
found in the literature for mode Il fracture energy of double central notched plain
concrete plates (Kumar and Rao 2010; Rao et al. 2011). The crack path is more zig-zag
in nature in the case of PQC mix prepared using larger NMAS, thus increasing the
fracture energy (Khalilpour et al. 2019; Nikbin et al. 2014; Rao and Prasad 2002;
Siregar et al. 2017).

For fiber reinforced PQC mix (both micro and macro-fiber), the Gir decreases
with the increase in GD. The results are in agreement with the findings reported by the
researchers both in mode | and mode Il loading (Abou El-Mal et al. 2015; Appa Rao
and Sreenivasa Rao 2009; Reis and Ferreira 2004; Velazco et al. 1980). From Figure 4
(d), it is noticed that the Gyir value increased with an increase in fiber dosage up to 2.1
kg/m?® and then decreases with a further increase in dosages in the case of micro-fiber
reinforced PQC. The Gyr values of F0.9, F2.1 and F3.0 mix are 1.08, 1.39 and 1.15
times of A19 mix, respectively, for a GD of 1/3" of diameter. For a GD of 1/4" of
diameter, the Gy values of F0.9, F2.1 and F3.0 mix are 1.09, 1.62 and 1.39 times of
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A19 mix, respectively. Similar results are reported by the authors Carpinteri et al.
(2017) and Bencardino et al. (2010). The addition of fibers improve the crack bridging
across the joint, thus improving the fracture energy. The decrement in Gur values for
the fiber dosage of the F3.0 mix is due to aggregation and improper distribution of
fibers. From Figure 4.1 (f), it is seen that the Gy value increased with an increase in
fiber dosage for macro-fiber reinforced PQC mix. Similar findings were reported by
Bhosale et al. (2019) for mode | fracture tests and by Hatami Jorbat et al. (2020) for
mixed-mode fracture tests. The percentage increase in Gur values when GD is
decreased from 1/3" of diameter to 1/4™ of diameter is 15.10%, 8.62% and 15.21% for
PF0.25, PF0.50 and PF0.75 mixtures, respectively. GD has a larger influence on the
Gur in the case of the lower and higher dosages of fiber reinforced PQC mix. In the
present study, at a given GD, the Gyr increased with the increase in fiber dosages. When
the GD is 1/4" of diameter, the Gy of PF0.25, PF0.50 and PF0.75 are 1.55, 1.99 and
2.62 times that of A19 PQC mix, respectively. However, when the GD is 1/3" of
diameter, the Gy of PF0.25, PF0.50 and PF0.75 are 1.38, 1.91 and 2.34 times that of
the A19 PQC mix, respectively. The results indicate that the addition of macro-fiber
can substantially improve the fracture energy of aggregate interlocked joints.

The relationship between K and Gy is shown in Figure 4.2 (a), (b) and (c) for
plain PQC, micro-fiber reinforced PQC and macro-fiber reinforced PQC mixes,
respectively, at two different GDs. The three times error bars are shown for both K and

Gk values.
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Figure 4.2 Relationship between fracture energy (Gur) and joint shear stiffness (K) at

different GDs (a) for PQC mix, (b) for micro and (c) for macro-fiber

reinforced PQC mixtures

4.4 FATIGUE BEHAVIOUR UNDER SHEAR LOADING

4.4.1 S-N plots

Fatigue life of the PQC, micro-fiber and macro-fiber reinforced PQC mixtures with GD

1/4™ of diameter, and 1/3" of diameter under shear loading at a frequency of 2 Hz are

shown in Table 4.3, Table 4.4 and Table 4.5, respectively.
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Table 4.3 Fatigue life cycles under shear loading of plain PQC mixtures

GD (mm) 90% stress level 85% stress level 80% stress level
Al9 A265 A3l5 Al19 A265 A315 Al9 A265 A3l5
375 (/4" of 1286 4682 8964 4628 10346 22468 6842 25684 54864
diameter) 1864 6842 10854 5284 13864 30640 8648 28648 58628
2682 8964 12986 7544 15648 38948 12854 33548 62846
3842 11874 16478 8648 20486 44684 14658 39684 68282
4286 16982 18648 9874 22838 46824 17866 42636 71008
50 (1/3 of 900 1574 4570 3458 6598 14586 3154 14858 22684
diameter) 1186 2254 8214 4340 9544 20546 8214 22584 44688
1766 5478 10654 5686 12474 28474 12460 25478 53485
2260 8160 11458 6758 14656 32548 14878 35476 59642
2354 12170 14856 7254 18472 40856 16896 38744 62478

Table 4.4 Fatigue life cycles under shear loading of micro-fiber reinforced PQC mix

GD (mm) 90% stress level 85% stress level 80% stress level
FO.9 F21 F3.0 F0.9 F2.1  F3.0 F0.9 F2.1 F3.0
37.5 (/4™ 1482 3572 1088 4991 9346 3629 7841 21754 5741
of 1946 5742 1453 6598 12764 4373 8962 25898 7549
diameter) 2995 7864 2532 11247 13638 6433 14586 32488 11743
4458 10894 3567 10258 19896 7642 18691 38644 13647
4968 15682 3854 12005 21899 9595 23699 40586 16755
50 (1/39 1002 1284 540 4009 5986 2347 4315 12588 2152
of 1386 2986 1126 4214 8598 3230 10214 21840 7105
diameter) 2166 5268 1567 7683 11754 4574 14660 24878 12460
2587 6150 2150 7896 13566 5639 18978 34576 13778
2935 10890 2218 9896 17961 6123 20963 37844 15785

Table 4.5 Fatigue life cycles under shear loading of macro-fiber reinforced PQC mix

GD (mm) 90% stress level 85% stress level 80% stress level
PF0.25 PF0.50 PFO0.75 PF0.25 PF0.50 PFO0.75 PF0.25 PF0.50 PF0.75
37.5 (/4™ 2877 25487 31020 4874 21586 41020 9874 39487 48963
of 4621 8589 12583 7621 14568 22583 11621 38589 52583
diameter) 8897 12569 14896 8698 22569 34896 15898 31569 67896
12586 20548 22689 15789 28548 32689 23581 38548 75789
15782 18698 25864 25792 32986 45864 35792 42986 100189
50 (1/39 4782 12587 20478 6782 23587 40478 10782 43587 80478
of 6214 15478 28978 13214 34478 38978 28214 64478 68978
diameter) 10879 21589 25586 15870 20589 45586 35870 40589 85586
15548 31847 37548 19545 43847 57548 49545 53847 105148
25789 28963 35896 29781 38063 65896 29781 78063 141204
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The geometric mean (GM) of shear fatigue life of five specimens for each mix
is determined at different stress levels. Considering the large scatter in the fatigue data,
a geometric mean will give the realistic mean of fatigue lives. Many researchers have
shown that geometric mean can be used instead of arithmetic mean for fatigue life
estimation when there is a large scatter in the fatigue data (Chandrappa and Biligiri
2019; Debnath and Pratim 2020; Kasu et al. 2020). Hence, the geometric mean was
used instead of arithmetic mean in the present work. The GM of shear fatigue life of
PQC, micro-fiber reinforced, and macro-fiber reinforced PQC mix specimens having
the GD of 1/4" of diameter with variation in stress levels are plotted in Figure 4.3 (a),
Figure 4.4 (a) and Figure 4.5 (), respectively. The GM of shear fatigue life of PQC,
micro-fiber reinforced, and macro-fiber reinforced PQC mix specimens having the GD
of 1/3" of diameter with variation in stress levels are plotted in Figure 4.3 (b), Figure
4.4 (b) and Figure 4.5 (b), respectively. A linear relationship exists between stress levels
and GM of shear fatigue life for all the concrete mixes, irrespective of the GD. A similar
trend can be found in the literature (Figueira et al. 2016) for the repeated push-off tests
on the interfaces between concretes cast at different times.
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Figure 4.3 S-N plots for plain PQC mix: (a) GD: 1/4" of diameter (b) GD: 1/3" of
diameter

It is seen from the S-N plots that irrespective of the GD and stress levels, there
is no significant difference in the fatigue life of A19 PQC mix specimens under shear
fatigue loading. Whereas A26.5 and A31.5 PQC specimens with GD of 1/4" the
diameter resulted in a much higher shear fatigue life for all the stress levels.

It is seen from the S-N plots that irrespective of the GD and stress levels, there
is no significant difference in the fatigue life of A19 PQC mix specimens under shear
fatigue loading. Whereas A26.5 and A31.5 PQC specimens with GD of 1/4" the
diameter resulted in a much higher shear fatigue life for all the stress levels. With the
reduction in GD, the number of coarse aggregates that participate in shear transfer
increases, thus improving the aggregate interlocking at the grooved cross-section,
resulting in higher fatigue life.

These experiments show that there is a higher probability that the undowelled
joint would underperform in the field even though larger NMAS is used in the PQC
mix when GD is higher. For all the three stress levels, irrespective of the GD, the shear
fatigue life is in the increasing order of A19, A26.5 and A31.5, respectively. As the
A3L1.5 concrete mix has large-sized aggregates, the path to be covered by the crack

becomes longer, which in turn increases the fatigue life.
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Figure 4.4 S-N plots for micro-fiber (a) GD of 1/4" of diameter (b) GD of 1/3" of

diameter

The shear fatigue life of F3.0 is the lowest in micro-fiber reinforced PQC mixtures. For
all the stress levels at a given GD, the shear fatigue life is in the order of F0.9 < F3.0 <
F2.1 in micro-fiber reinforced PQC. It may be attributed to the increase in the air
content in the matrix with the addition of fibers (Kasu et al. 2020). It is found that the
optimum fiber dosage of 2.1 kg/m® can improve the performance of aggregate

interlocked joints in ultrathin whitetopping (UTW) layers.
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Figure 4.5 S-N plots for macro-fiber (a) GD of 1/4" of diameter (b) GD of 1/3" of

reinforced, and macro-fiber reinforced PQC mixtures at any stress level and GD. The
shear fatigue life of PQC can be substantially improved with the addition of macro-
fibers. The improvement is much greater than the A31.5 mixtures. The shear fatigue
life is in the increasing order of PF0.25, PF0.50 and PF0.75. The crack bridging of




fibers across the joint can improve the performance of aggregate interlocked joints
under repeated loads.

4.4.2 Effect of GD and stress levels on shear fatigue performance

The effect of GD and stress levels on shear fatigue performance of PQC, micro-fiber
and macro-fiber reinforced PQC mixtures with GD 1/4" of diameter, and 1/3" of
diameter specimens under shear loading is studied using the Kaplan-Meir (K-M)
survival analysis. This analysis estimates the fatigue life reliability of the specimens
under shear loading and provides survival probability in the form of graphical abstract.
K-M plots (Survival probability Vs Fatigue life) are shown in Figure 4.6 (a) — (f), Figure
4.7 (a) — (f), and Figure 4.8 (a) — (f), respectively, for PQC, micro-fiber reinforced and
macro-fiber reinforced PQC mixtures. The stair-case shaped lines denote the evolution

of occurrence of failure.
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Figure 4.6 Kaplan-Meir (K-M) Survival plots: influence of stress levels and GD on
survival probability (a) and (b) for A19, (c) and (d) for A26.5 and (e) and
(f) for A31.5 plain PQC mixtures.

It is seen from the K-M plots shown in Figure 4.6 (a), (c), and (e) that
irrespective of the type of NMAS used in the PQC mix, the survival probability is
significantly higher in the case of 80% stress level when compared to 85% and 90%
stress levels. At the survival probability of 50%, the shear fatigue life of all three PQC
mix (A19, A26.5 and A31.5) specimens tested at 80% stress level are about two times
of shear fatigue life of samples tested at 85% stress level. Similar variation is observed

at 20% survival probability.

Moreover, it is seen from the K-M plots shown in Figure 4.6 (b), (d), and (f)
that the survival probability is significantly higher in the case of GD of 1/4" diameter
for a PQC mix of A26.5 and A31.5. However, in the A19 PQC mix, no significant
difference in survival probability for the two GDs (1/4" of diameter and 1/3™ of
diameter) is observed. At the survival probability of 50%, the shear fatigue life of the
A31.5 PQC mix is largely dependent on the GD when compared to the other two PQC
mixes. It is observed from K-M plots that at common stress level, GD and survival
probability, the shear fatigue life of PQC mixes is in the decreasing order of A31.5,
A26.5 and A19, respectively.
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Figure 4.7 Kaplan-Meir (K-M) Survival plots: influence of stress levels and GD on survival
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fiber reinforced PQC mixtures.
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It can be noticed from the K-M plots shown in Figure 4.7 (b), (d), and (f) that
the survival probability is significantly higher in the case of GD of 1/4™ diameter for
the F2.1 mix. However, no significant difference in survival probability for the two
GDs (1/4th of diameter and 1/3™ of diameter) is observed in the other two micro-fiber
reinforced PQC mixtures. It is observed from K-M plots that at common stress level,
GD and survival probability, the shear fatigue life of micro-fiber reinforced PQC mix

is in the decreasing order of F2.1, F0.9 and F3.0, respectively.
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Figure 4.8 Kaplan-Meir (K-M) Survival plots: influence of stress levels and GD on
survival probability (a) and (b) for PF0.25, (c) and (d) for PF0.50 and (e)
and (f) for PF 0.75 macro-fiber reinforced PQC mixtures.

It is seen from the K-M plots shown in Figure 4.8 (a), (c), and (e) that
irrespective of the fiber dosage, the survival probability is significantly higher in the
case of 80% stress level when compared to 85%, and 90% stress levels for macro-fiber
reinforced PQC mix specimens. At the survival probability of 20%, the shear fatigue
life of macro-fiber reinforced PQC specimens PF0.25, and PF0.50 tested at 80% stress
level are about two times of shear fatigue life of samples tested at 85% stress level.
However, PF0.75 mix specimens tested at 80% stress level have three times of shear

fatigue life of samples tested at 85% stress level.

It can be noticed from the K-M plots shown in Figure 4.8 (b), (d), and (f) that
the survival probability is significantly higher in the case of GD of 1/4™ diameter for
PFO0.75 mix. It is observed from K-M plots that at common stress level, GD and survival
probability, the shear fatigue life of macro-fiber reinforced PQC mix is in the
decreasing order of PF0.75, PF0.50 and PF0.25, respectively.

The log-rank test is a popular test being used to compare the survival curves.
The null hypothesis of this statistic test is that the survival curves of all three PQC,
micro-fiber reinforced, and macro-fiber mixes are the same, either for the three stress

levels or for the two different GDs (Dudley et al. 2016). The null hypothesis is rejected
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if there is a significant difference between the expected and observed failures. The log-
rank test statistic is approximated to the Chi-square test with two degrees of freedom.
The p-values of log-rank tests are zero for all the mixtures. This indicates that there is
a significant effect of stress levels on the fatigue performance of PQC mixes under shear
loading. The p-values of the log-rank test of A19, A26.5 and A31.5 PQC mixes are
0.291, 0.204 and 0.150, respectively. The p-values of the log-rank test of micro-fiber
reinforced PQC mix F0.9, F2.1 and F3.0 are 0.504, 0.232 and 0.450, respectively. The
p-values of the log-rank test of macro-fiber reinforced PQC mix PF0.25, PF0.50 and
PFO0.75 are 0.091, 0.033 and 0.134, respectively. This shows that the effect of GD is

insignificant on the fatigue performance under shear loading at higher stress levels.

4.4.3 Distribution of fatigue life of concrete mixtures under shear loading

In the past, researchers have used lognormal distribution, 2-parameter and 3-parameter
Weibull distributions for fitting the fatigue life cycles against the failure probability
(Chandrappa and Biligiri 2017; Kasu et al. 2019). As the obtained shear fatigue data in
the present study is scattered, the probabilistic analysis and distribution fitting
techniques are used to understand the distribution of shear fatigue life of PQC, micro-

fiber reinforced, and macro-fiber reinforced PQC mixes.

The 3-parameter Weibull distribution and lognormal distributions are used to fit
the shear fatigue data. The probability density function (pdf) of 3-parameter Weibull
distribution is given by:

o =4 @)

n

Where s is the fatigue life of specimens; B is the shape parameter; 1 is the scale
parameter, and A is the location parameter (Kappenman 1985).

The probability density function (pdf) of the lognormal distribution is given by:

F($) = ——e (_ an (s)—u)Z) 4.2)

202
where s is the shear fatigue life of specimens; o is the standard deviation, and p is the
mean. The parameters are estimated using the maximum likelihood estimate (MLE)
method (Kappenman 1985). The MLE of these two distributions for the PQC, micro-
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fiber reinforced PQC and macro-fiber reinforced PQC mix fatigue data are tabulated in
Table 4.6, Table 4.7 and Table 4.8, respectively.

Table 4.6 Maximum likelihood estimates (MLE) of distribution parameters for PQC

mix
Distribution Parameter Value
Al19 A26.5 A31.5
Three-parameter  Shape/slope, B 1.296 1.439 1.331
Weibull Scale, 1 6824 18393 31720
Location/Threshold, A 443.3 958.4 3939
Lognormal Mean, U 8.524 9.524 10.171

Standard deviation, ¢ 0.830 0.810 0.756

Table 4.7 Maximum likelihood estimates (MLE) of distribution for micro-fiber
reinforced PQC

Distribution Parameter Value
F0.9 F2.1 F3.0
Three-parameter Shape/slope, B 1.246 1372 1.096
Weibull Scale, n 8332 17083 5676
Location/Threshold, A 495 900 518
Lognormal Mean, p 8.702 9441 8.369
Standard deviation,c  0.863 0.827 0.886
AD 0.286 0.324 0.232

Table 4.8 Maximum likelihood estimates (MLE) of distribution for macro-fiber
reinforced PQC

Distribution Parameter Value
PF0.25 PF0.50 PFO0.75
Three-parameter Shape/slope, B 1.228 1604 1.292
Weibull Scale, n 15134 26952 41391
Location/Threshold, A 2706 7434 11913
Lognormal Mean, U 9511 10.224 10.664

Standard deviation,c  0.706  0.507  0.583

Anderson-Darling test, popularly known as the AD test, is used for assessing
the goodness of fit of these distributions (Chandrappa and Biligiri 2016; Zimmermann
et al. 2012). The lower value of the AD test statistic is expected to provide better
goodness of fit for the distribution under consideration (3-parameter Weibull and

lognormal distribution). If the AD value is less than the critical value of 0.753, it means
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that the null hypothesis is true and the data set follows the particular distribution under
test at a 95% confidence level (Motamedi et al. 2015; Theodorsson 1988). The AD test

statistic is given as

AD? = —n— o (4.3)
o=n"1 Y (2i—D[In(F(s;) +In (1= F(sp41-)))] (4.4)
Adjusted AD = AD (W}“) (4.5)

Where n is the sample size, i is the number assigned to the data points in order,
F(s) is the cumulative distribution function (CDF) of the distribution under test and s;
is the shear fatigue data arranged in order. The AD test results of A19 PQC mix
specimens fitted with 3-parameter Weibull distribution are shown in Table 4.9.
Similarly, the AD test results are obtained for all the concrete mixtures.
Table 4.9 A-D goodness of fit test results of A19 PQC mixtures for 3-parameter Weibull

distribution

i Fatigue Cycles F(si) F(Sn+k-i) i term
1 900 0.03 0.97 0.2296
2 1186 0.05 0.96 0.6031
3 1286 0.06 0.93 0.8974
4 1766 0.11 0.92 1.1139
5 1864 0.12 0.89 1.2809
6 2260 0.16 0.88 1.4248
7 2354 0.17 0.78 1.4149
8 2682 0.21 0.72 1.4149
9 3154 0.26 0.72 1.4810
10 3458 0.29 0.69 1.5267
11 3842 0.33 0.65 1.5064
12 4286 0.38 0.63 1.5103
13 4340 0.38 0.60 1.5653
14 4628 0.41 0.60 1.6125
15 5284 0.47 0.51 1.4104
16 5686 0.51 0.47 1.3607
17 6758 0.60 0.41 1.1544
18 6842 0.60 0.38 1.1575
19 7254 0.63 0.38 1.1535
20 7544 0.65 0.33 1.0846
21 8214 0.69 0.29 0.9738
22 8648 0.72 0.26 0.9059
23 8648 0.72 0.21 0.8485
24 9874 0.78 0.17 0.6872
25 12460 0.88 0.16 0.5114
26 12854 0.89 0.12 0.4283
27 14658 0.92 0.11 0.3487
28 14878 0.93 0.06 0.2576
29 16896 0.96 0.05 0.1923
30 17866 0.97 0.03 0.1280

Sum = 30.184

AD = 0.184

Adjusted AD = 0.191
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The 3-parameter Weibull distribution is fitted to the shear fatigue data. It is
shown in Figure 4.9, Figure 4.10 and Figure 4.11 for PQC (A19, A26.5 and A31.5),
micro-fiber reinforced PQC (F0.9, F2.1 and F3.0) and macro-fiber reinforced PQC
(PF0.25, PF0.50 and PF0.75) mixtures, respectively, along with the AD values and P-

values.
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Figure 4.9 Three-parameter Weibull distribution fitted to shear fatigue data of PQC
mixtures (a) A19, (b) A26.5 and (c) A31.5

For the obtained shear fatigue data, the AD values are lower (0.184, 0.163 and
0.548 for A19, A26.5 and A31.5 PQC mixtures, respectively) when fitted to Weibull
distribution compared to the AD values (0.269, 0.388 and 0.614 for A19, A26.5 and
A31.5 PQC mixtures, respectively) fitted to a lognormal distribution. It is observed
from Figure 4.9 that the shear fatigue life of A31.5 PQC mixtures is about 24086 cycles
at 50% failure probability. In contrast, at the same failure probability, the shear fatigue
life of A26.5 and A19 PQC mixtures is 14257 and 5143, respectively. This shows that
irrespective of GD and stress levels, A31.5 PQC blends have better shear fatigue life
cycles when compared to A26.5 and A19 PQC mixtures.
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Figure 4.10 Three-parameter Weibull distribution fitted to shear fatigue data of micro-
fiber reinforced PQC mixtures (a) F.9, (b) F2.1 and (c) F3.0

In the case of micro-fiber reinforced PQC specimens, the AD values are lower
(0.197, 0.192 and 0.220 for F0.9, F2.1 and F3.0 mixtures, respectively) when fitted to
Weibull distribution compared to the AD values (0.286, 0.324 and 0.232 for F0.9, F2.1
and F3.0 mixtures, respectively) fitted to a lognormal distribution for the obtained shear
fatigue data. It is observed from Figure 4.10 that the shear fatigue life of F2.1 mixtures
is about 13080 cycles at 50% failure probability. In contrast, at the same failure
probability, the shear fatigue life of F0.9 and F3.1 mixtures is 6209 and 4063,
respectively. This shows that irrespective of GD and stress levels, F2.1 mixtures have
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better shear fatigue life cycles when compared to F0.9 and F3.0 micro-fiber reinforced
PQC mixtures.

Also, for macro-fiber reinforced PQC specimens, the AD values are found to be
lower (0.197, 0.219 and 0.149 for PF0.25, PF0.50 and PF0.75 mixtures, respectively)
when fitted to Weibull distribution compared to the AD values (0.216, 0..256 and 0.184
for PF0.25, PF0.50 and PF0.75 mixtures, respectively) fitted to a lognormal distribution
for the obtained shear fatigue data. It is observed from Figure 4.11 that the shear fatigue
life of PF0.75 concrete mixtures is about 31167 cycles at 50% failure probability. In
contrast, at the same failure probability, the shear fatigue life of PF0.50, PF0.25 and
A19 concrete mixtures are 21445,11230 and 5143, respectively. This shows that
irrespective of groove depths and stress levels, the PF0.75 concrete mixtures have better
shear fatigue life cycles when compared to PF0.50, PF0.25 and A19 concrete mixtures.
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Figure 4.11 Three-parameter Weibull distribution fitted to shear fatigue data of
macro-fiber reinforced PQC mixtures (a) PF0.25, (b) PF0.50 and (c)
PF0.75
Also, for macro-fiber reinforced PQC specimens, the AD values are found to be

lower (0.197, 0.219 and 0.149 for PF0.25, PF0.50 and PF0.75 mixtures, respectively)
when fitted to Weibull distribution compared to the AD values (0.216, 0..256 and 0.184
for PF0.25, PF0.50 and PF0.75 mixtures, respectively) fitted to a lognormal distribution
for the obtained shear fatigue data. It is observed from Figure 4.11 that the shear fatigue
life of PF0.75 concrete mixtures is about 31167 cycles at 50% failure probability. In
contrast, at the same failure probability, the shear fatigue life of PF0.50, PF0.25 and
A19 concrete mixtures are 21445,11230 and 5143, respectively. This shows that
irrespective of groove depths and stress levels, the PF0.75 concrete mixtures have better

shear fatigue life cycles when compared to PF0.50, PF0.25 and A19 concrete mixtures.

The shape parameter of the 3-parameter Weibull distribution fitted to present
shear fatigue data lies between 1 and 2 for all the concrete mixtures. This indicates that
the rate of failure increases with the number of repetitions (with time), and failure

occurs by wearing action in all concrete mixtures.

The PDF and CDF of 3-parameter Weibull plots for PQC, micro-fiber
reinforced, and macro-fiber reinforced PQC specimens are shown in Figure 4.12,

Figure 4.13 and Figure 4.14, respectively.
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Figure 4.12 (a) PDF and (b) CDF plots of 3-parameter Weibull distribution for A19,
A26.5 and A31.5 PQC mix

It is observed from Figure 4.12 a that the fatigue lives were in the range of 900
to 18000, 1500 to 43000 and 4500 to 71000 respectively for A19, A26.5 and A31.5
plain PQC mixtures. From Figure 4.12 b, it is seen that the failure probability is higher
in the case of the A19 PQC mix when compared to A26.5 and A31.5 PQC mixtures. In
other words, it means that the useful life of A31.5 PQC mixtures is higher than A19

and A26.5 PQC mixtures under shear fatigue. This increase in shear fatigue life of
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A31.5 PQC mix is due to higher aggregate interlocking offered by larger NMAS at the

grooved cross-section.
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Figure 4.13 (a) PDF and (b) CDF plots of 3-parameter Weibull distribution for F0.9,
F2.1 and F3.0 micro-fiber reinforced PQC mix

It is seen from Figure 4.13 a that the fatigue lives were in the range of 1000 to
24000, 1200 to 41000 and 540 to 17000, respectively for F0.9, F2.1 and F3.0 micro-
fiber reinforced PQC mixtures. From Figure 4.13 b, it is observed that the failure
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probability is higher in the case of the F3.0 mix when compared to F0.9, and F2.1 micro-
fiber reinforced PQC mixtures. The useful life of micro-fiber reinforced PQC
specimens increases with an increase in fiber dosage up to the optimum value of 2.1
kg/m®. This increase in shear fatigue life is due to the improved load transfer through

fibers.
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Figure 4.14 (a) PDF and (b) CDF plots of 3-parameter Weibull distribution for
PF0.00, PF0.25, PF0.50 and PFO0.75 concrete mix
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It is observed from Figure 4.14 a that the fatigue lives were in the range of 2800
to 50000, 8500 to 78000 and 12500 to 141200, respectively, for PF0.25, PF0.50 and
PF0.75 macro-fiber reinforced PQC mixtures. From Figure 4.14 b, it is found that the
failure probability is lowest in the case of the PF0.75 mix when compared to other
concrete mixtures. This shows that the addition of macro-fiber can improve the useful
life of concrete mixture, improving the performance of aggregate interlocked joints in
pavements. The improvement in useful life is due to crack bridging, and the
polypropylene fibers can transfer the load across the crack.
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CHAPTER 5

EVALUATION OF AGGREGATE INTERLOCKED JOINT USING THE
SIMULATED SMALL-SCALE TEST SETUP

5.1 GENERAL

This chapter presents the laboratory evaluation of aggregate interlocked joints
in terms of joint load transfer efficiency (LTE). The simulated test setup is used to
evaluate the influence of GD, NMAS and different dosages of micro and macro-fibers
on the performance of aggregate interlocked joints. The crack width and LTE

relationships are determined and presented for each PQC mixture and GD.

5.2 LABORATORY EXPERIMENTAL PLAN
The beam specimens were prepared as explained in section 3.7.1 of chapter 3.
The joint performance of aggregate interlocked joint was evaluated as described in
section 3.7.2 of chapter 3. The details of specimens are tabulated in Table 5.1, Table
5.2 and Table 5.3, respectively, for plain PQC, micro-fiber-reinforced and macro-fiber
reinforced PQC specimens.
Table 5.1 Details of test specimens for Iaporatory evaluation of LTE of plain PQC

mix

Mix NMAS Groove depth (mm) Number of

ID Used 55 1/afiof  33.33 (1/37 of specimens
(mm) depth of beam)  depth of beam)

Al9 19 3 3 3x2=6
A26.5 26.5 3 3 3x2=6
A3l5 315 3 3 3x2=6

Total = 18

Table 5.2 Details of test specimens for laboratory evaluation of LTE of micro-fiber
reinforced PQC specimens

Mix Fiber Groove depth (mm) Number of
ID Dosage 557 /4 of 33.33 (1/37 of specimens
3
(kg/m”) depth of beam) depth of beam)
F0.9 0.9 3 3 3x2=6
F2.1 2.1 3 3 3x2=6
F3.0 3.0 3 3 3x2=6
Total = 18
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Table 5.3 Details of test specimens for laboratory evaluation of shear parameters of

macro-fiber reinforced PQC specimens

Mix Fiber Dosage Groove depth (mm) Number of
ID (%) 25 (1/4" of 33.33 (1/39 of specimens
depth of beam) depth of beam)
PF0.25 0.25 5 5 5x2=10
PF0.50 0.50 5 5 5x2=10
PFO0.75 0.75 5 5 5x2=10
Total 18

5.3 RESULTS AND DISCUSSIONS
The results and discussions of the present investigations are discussed in the

following sections.

5.3.1 Influence of NMAS and GD on crack width of plain PQC beam under
repeated loading

In all the cases, up to ten thousand load cycles, the crack width increased
gradually. After reaching ten thousand cycles, there was a rapid increase in crack width.
The crack width was found to be increasing with an increase in the number of
repetitions irrespective of the NMAS used and GD. In the A19 mix, the crack width
was found to be higher at any given load repetition irrespective of GD. At any given
load repetition, irrespective of the GD, the crack width is in the increasing order of
A31.5, A26.5 and A19. Also, the smaller the GD smaller the crack width in all the

three-concrete mixes at any load repetition. The test results are shown in Figure 5.1.
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Figure 5.1 Influence of NMAS on crack width for (a) 1/4" GD (b) 1/3"“ GD

5.3.2 Influence of NMAS and GD on the deflection of plain PQC beam under
repeated loading

The deflection on the unloaded side and loaded side of the beam was measured using
the LVDTs. The deflection on the loaded side is found to be increasing with an increase
in the number of load repetitions irrespective of the GD and NMAS used in the concrete
mix. However, the deflection on the unloaded side of the beam increased till there was
sufficient interlocking at the joint with a further increase in the number of load cycles,
the deflection on the unloaded side decreased. However, in no case up to one million
cycles, the deflection of the unloaded side become zero. This shows that the rubber base
still transferred the part of the load.

The maximum deflections on the loaded side observed in the concrete mix was
lower in the beams with 1/4" GD, and the maximum deflections on the loaded side
were found to decrease with the use of larger NMAS irrespective of the GD. The
influence of NMAS on the deflections on the loaded and unloaded side of the beam
with crack width and the number of load repetitions for a GD is plotted in Figure 5.2
and Figure 5.3.
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Figure 5.2 Influence of NMAS on deflections on loaded and unloaded sides with
number of cycles at 1/4" of GD
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Figure 5.3 Influence of NMAS on deflections on loaded and unloaded sides with
number of cycles at 1/3" of GD

5.3.3 Relationship between LTE and relative movement (RM) of joint in plain
PQC beams
The measured deflection values on the loaded and unloaded sides of the beam
were used to calculate the LTE and RM of the joint at different crack widths. The
relative movement is the difference in deflection of the loaded and unloaded side of the
beam. The LTE is determined by taking the ratio of deflection of the unloaded side of
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the beam to the loaded side deflection of the beam multiplied by 100.
The relationship between LTE and RM is plotted in Figure 5.4 (a) and (b) for
GD 1/4" and 1/3' of the depth of the beam, respectively.
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Figure 5.4 LTE Vs RM of plain PQC mix for (a) 1/4" GD (b) 1/3 GD

It is seen from Figure 5.4 that irrespective of the GD and the NMAS used in the concrete
mix, it is found that there exists an exponential relationship between the LTE and RM.
The slope of the exponential curve determined the performance of aggregate
interlocking in the beams. It is found that irrespective of the GD, the rate of decrease in
LTE is higher in the case of beams with 1/3" GD. It is found that the performance of
the joint improved with an increase in NMAS.

5.3.4 Influence of fiber dosages and GD on crack width under repeated loading

In both micro and macro-fiber reinforced PQC mixes, the crack width increased
gradually up to twenty thousand load cycles, irrespective of GD and fiber dosages. After
reaching twenty thousand cycles, there was a rapid increase in crack width. The crack
width was found to be increasing with an increase in the number of repetitions
irrespective of the amount of fiber used and GD. Irrespective of GD, the crack width is
higher in the F3.0 micro-fiber reinforced PQC mix at any given load repetition. At any
given load repetition, irrespective of the GD, the crack width is in the increasing order
of F2.1, F0.9, and F3.1 in the case of micro-fiber reinforced PQC mixes. The addition
of fibers beyond 2.1 kg/m?® results in clustering of fibers which reduces the number of
aggregates in contact at the joint, which results in an increase in crack width.

In the case of macro-fiber reinforced PQC mixes, the crack width is found to be
higher at lower dosages. Irrespective of GD, the crack width is higher in the PF0.25
PQC mix at any given load repetition. At any given load repetition, irrespective of the
GD, the crack width is in the increasing order of PF0.75, PF0.50 and PF0.25 in the case
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of macro-fiber reinforced PQC mixes. Also, the smaller the GD smaller the crack width
in all the fiber reinforced PQC mixes at any load repetition. The fibers across the joint
are more in number, which helps to arrest the growth of crack width. The crack width
against the number of load repetitions plots are shown in Figure 5.5 and Figure 5.6,

respectively, for micro and macro-fiber reinforced PQC mixes.
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Figure 5.5 Influence of micro-fiber dosages on crack width for (a) 1/4" GD (b) 1/3'
GD
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Figure 5.6 Influence of macro-fiber dosages on crack width for (a) 1/4" GD (b) 1/3™

GD

5.3.5 Influence of fiber dosages and GD on deflection of fiber reinforced PQC

beam under repeated loading

The maximum deflections on the loaded side observed in the micro and macro-
fiber reinforced PQC mixes were lower in the beams with 1/4™ GD. The maximum
deflections on the loaded side were found to decrease with the increase in macro-fiber
dosages, irrespective of the GD in the case of macro-fiber reinforced PQC beam
specimens. However, in the case of micro-fiber reinforced PQC specimens, the
maximum deflections on the loaded side decreased with the increase in micro-fiber

dosages up to 2.1kg/m?, beyond which there was an increase in maximum deflection
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on the loaded side of the beam. The influence of fiber dosages on the deflections on the
loaded and unloaded side of the beam with crack width and the number of load
repetitions for a GD are plotted in Figure 5.7 and Figure 5.8 for micro and macro-fiber
reinforced PQC mixes, respectively.
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Figure 5.7 Influence dosage of micro-fiber on deflections on loaded and unloaded
sides with crack width for (a) 1/4" GD and (b) 1/3"" GD
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Figure 5.8 Influence of macro-fiber dosages on deflections on loaded and unloaded
sides with crack width for (a) 1/4" GD and (b) 1/3" GD

5.3.6 Relationship between LTE and relative movement (RM) of joint in fiber
reinforced PQC beams

The relationship between LTE and RM for micro and macro-fiber reinforced
PQC mixes are plotted in Figure 5.9 and Figure 5.10, respectively. It is observed that
irrespective of the GD, type of fiber and the dosage of fibers added to the PQC mix, it

is found that there exists an exponential relationship between the LTE and RM. The
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slope of the exponential curve determines the performance of aggregate interlocking
and the contribution of fibers in load transfer across the joint. The negative slope of the

exponential curve is lower for lower GD for a given fiber reinforced PQC mix.

100 %
90 %0 AF0.9 OF2.1 OF3.0
80 %., Y(ro.g) = 10082133
‘ese 2 =
0 s R = 0.9980
S Y(e21y= 100e-L910%
< 00 e R2 = 0.9978
0 6d 2242
- . Y(ra.0)= 10024
40 B o, R=09995
30 A
20
10
0 0.2 0.4 0.6 0.8
Relative movement (mm)
(@)
100 %
0 % AF0.9 ©F21 OF30
B, R2 = 0.9997
’\3 70 ",;;:ii Vo= 100g-1.967x
S 60 5. R? = 0.9992
L g,
[ 50 d) Y(F3.0)= 100e-2-261x
a0 B R =0.9977
0 B
20 B,
..o
10
0 0.2 0.4 0.6 0.8 1
Relative movement (mm)
(b)
Figure 5.9 LTE Vs RM of micro-fiber reinforced PQC mix for (a) 1/4" GD (b) 1/3"
GD

From Figure 5.9, it is observed that the negative slope of the exponential curve
is minimum for F2.1 mix specimens, which indicates that irrespective of the GD, the
fiber dosage of 2.1 kg/m® can improve the load transfer performance substantially when

compared to the other two dosages in micro-fiber reinforced PQC mix.
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Figure 5.10 LTE Vs RM of macro-fiber reinforced PQC mix for (a) 1/4" GD (b) 1/3
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From Figure 5.10, it is observed that the negative slope of the exponential curve
is in the increasing order of PF0.75, PF0.50 and PF0.25 for macro-fiber reinforced PQC
mix. The negative slope is minimum for PF0.75 mix specimens indicates that
irrespective of the GD, the fiber dosage of 0.75% macro-fibers can substantially
improve the load transfer performance compared to the other two dosages in macro-

fiber reinforced PQC mix.
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5.4 VALIDATION WITH FIELD FWD DATA

The simulated experimental results are compared with field FWD test results. The FWD
study was carried out following the procedure described in section 3.9 of chapter 3. The
relative movement is determined from the field FWD test data, and the corresponding
LTE is determined using the LTE and RM relationship shown in Figure 5.4 (b) for the
A19 PQC mix with 1/3™ GD. The LTE from the field is compared with the obtained
LTE from the LTE and RM relationship equation. The comparison of plots is shown in
Figure 5.11. A good linear correlation exists between the field LTE and the LTE

measured from the simulated experimental small scale test setup.
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Figure 5.11 LTE from experiment Vs LTE from field FWD
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CHAPTER 6

FINITE ELEMENT MODELLING

6.1 GENERAL

The 3-dimensional finite element approach was used to evaluate the influence of
NMAS and fiber dosages on the shear strength of the aggregate interlocked joint, and

the results were compared with the experimental results.

6.2 THREE-DIMENSIONAL FINITE ELEMENT (FE) MODEL FOR DIRECT
SHEAR STRENGTH

The commercial FE software ANSYS Version 18.2 was used to simulate the test results.
The concrete cylinders were modelled using the eight noded SOLID185 brick elements
with three degrees of freedom. The aggregate interlocking was modelled using the
COMBIN14 spring elements. The same elements were also used to model the fibers
contributing to aggregate interlocking in fiber reinforced concrete mixtures. The spring
stiffness is calculated by multiplying the effective area of aggregate interlocking with
the joint stiffness value obtained from the direct shear test. The calculation of spring
stiffness is shown in Appendix B.1. The calculated spring stiffness value ranged from
5027 N/mm to 19200 N/mm. The shear strength is computed and are compared with

the experimental results.

A total of eighteen cylindrical models were analyzed for the direct shear
strength. For these eighteen models, their respective mechanical properties of concrete
were used while modelling. Also, the spring stiffness is calculated based on their
respective joint stiffness values. The cylindrical concrete specimen with grooved cross-
section is modelled as two separate components attached by the spring element
representing the aggregate interlocking and crack bridging by the fibers, as shown in
Figure 6.1. The fixed portion of the cylinder has a dimension of 150 in diameter and
100 mm in height, and the loaded portion of the cylinder has a dimension of 150 in
diameter and 70 mm in height. A gap of 5 mm is created between these two cylindrical

components connected by spring to simulate the grooved cross-section.
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Different meshing schemes are available in the ANSYS software such as
tetrahedral, hexahedral, polyhedral, pyramid, or wedge cells. In the past, many
researchers have used the hexahedral meshing scheme for the analysis of concrete
pavement joints (Davids et al. 1999; Maitra et al. 2010; Roesler and Wang 2008). Thus,
in the present study, a hexahedron meshing scheme was adopted. This particular
meshing scheme makes it convenient to attach the springs representing the joint
between the two concrete blocks representing the two pavement slabs. The mesh size
of 5 x5 x 5 mm was adopted.

The boundary conditions for the direct shear test 3-D FE model are given below:
e The translation and rotation of the fixed portion of the cylinder was restricted in
all directions.
e The rotation was restricted in all directions and translation was restricted in x
and z direction for the portion of cylinder on which load is applied. The loaded

portion of the cylinder was free to move in y direction.

Spring
attached to
the two
-0.51191 surfaces
-0.70225 Min
Fixed portion of cylinder A
3
0 1e+005 (um) z
L ——

Se+004

Figure 6.1 Shear stress at the joint for the concrete prepared using 19 mm NMAS
with 1/3" GD
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The direct shear strengths from the experimental results and simulation were compared

and are shown in Figure 6.2.
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Figure 6.2 Comparison of direct shear strength of joint for different concrete mixes at
different GDs.

From Figure 6.2, it can be observed that there are no much significant differences in
the experimental and simulation results for all the concrete mixes under study. The error

is about less than 5% for all the concrete specimens.

6.3 THREE-DIMESIONAL FINITE ELEMENT (FE) MODEL FOR CRACKED
BEAM SPECIMEN SUBJECTED FLEXURE LOADING AT THE JOINT

The laboratory simulated experiment explained in section 3.3.4 of chapter 3 is modelled
in ANSY S software. The concrete beam is modelled using SOLID185 eight noded brick
elements, and the experimentally obtained mechanical properties were used to create
engineering data in the software. The two separated halves of the beam were connected
using the spring elements COMBIN14. The underlying rubber pad was modelled as a
Winkler foundation with the modulus of subgrade reaction 1.4 MPa/mm. The moment
resisting plates were modelled using the same brick elements. The materials properties

of structural steel available in the material data library of ANSY'S was used.

111



The boundary conditions for the cracked beam specimen subjected flexure
loading at the joint are as follow:
e The translation and rotation of ends of the beam portions were restricted in all
directions.
e The rotation was restricted in all directions and translation was restricted in x
and z direction for the beams. The beam portions are free to move in y direction.
The steel plates were restricted to translation and rotation in all directions.
The beam specimen subjected to flexural loading and deflection measurement
on loaded and unloaded slabs of beam prepared using 31.5 mm NMAS with 1/3" GD

at a crack width of 1.5 mm is shown in Figure 6.3.
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Figure 6.3 Beam specimen subjected to flexural loading and deflection measurement
on loaded and unloaded slabs of beam prepared using 31.5 mm NMAS
with 1/3"Y GD with LTE of 20.28 %

Using the relationship between the non-dimensional joint stiffness AGG* and
LTE developed by loannides and Korovesis (1990) shown in Figure 2.1 of chapter 2,
the joint stiffness is obtained for the different concrete mixes from the experimentally
obtained LTEs. The spring stiffness is obtained for various concrete mixes and their
corresponding LTEs. The spring stiffness values are in the range of 400 N/mm to
4500000 N/mm. The calculation of spring stiffness is shown in Appendix B.2. Two
LTEs were selected for each mix at maximum, and minimum value and the
corresponding stiffness was determined. A total of 36 models for different concrete

mixes. The experimentally obtained results, LTES, deflection on the loaded and
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unloaded side of the beam are compared with simulated results and is tabulated in Table

6.1.
Table 6.1 Comparison of experimental and simulation results
D_eflectlon on loaded Deflection on Loa}d_Transfer

Groove side (mm) . Efficiency

Depth  MixID DL model unloaded side (mm) |t g7 (EO;:)‘”

o menga Movel SO Model N Model

50 mm A31.5 0.187 0.204 0.183 0.186 98.21 91.46 6.88
A3l5 0.910 0.904 0.200 0.183 21.98 20.28 7.73
A26.5 0.203 0.223 0.197 0.200 96.72 89.70 7.26
A26.5 0.997 1.088 0.153 0.156 15.38 14.33 6.83
Al19 0.247 0.269 0.237 0.241 95.95 89.36 6.87
Al19 1.040 1.134 0.120 0.121 11.54 10.69 7.33
F3.0 0.237 0.259 0.223 0.227 94.37 87.70 7.06
F3.0 1.032 1.135 0.120 0.122 11.63 10.76 7.44
F2.1 0.223 0.244 0.206 0.210 92.09 86.06 6.54
F2.1 0.780 0.852 0.310 0.314 39.74 36.85 7.27
F0.9 0.237 0.260 0.232 0.235 97.89 90.31 7.74
F0.9 1.010 1.101 0.160 0.163 15.84 14.80 6.60
PFO0.75 0.133 0.145 0.133 0.136 100.00 93.33 6.67
PF0.75 0.620 0.680 0.350 0.355 56.45 52.17 7.59
PFO0.50 0.153 0.168 0.153 0.155 100.00 92.01 7.99
PF0.50 0.610 0.671 0.300 0.304 49.18 45.32 7.84
PFO0.25 0.183 0.201 0.183 0.186 100.00 92.52 7.48
PF0.25 0.720 0.790 0.300 0.305 41.67 38.67 7.18

375mm A315 0.143 0.157 0.143 0.145 100.00 92.28 7.72
A315 0.700 0.764 0.347 0.353 49.52 46.19 6.74
A26.5 0.187 0.204 0.187 0.189 100.00 92.55 7.45
A26.5 0.800 0.873 0.250 0.255 31.25 29.21 6.51
Al19 0.210 0.230 0.210 0.214 100.00 93.13 6.87
Al9 0.857 0.935 0.203 0.205 23.74 21.98 7.41
F3.0 0.227 0.248 0.214 0.218 94.61 87.97 7.02
F3.0 1.025 1.122 0.121 0.123 11.80 10.93 7.44
F2.1 0.233 0.256 0.226 0.229 96.71 89.62 7.34
F2.1 0.785 0.863 0.350 0.357 44.59 41.36 7.25
F0.9 0.236 0.259 0.236 0.240 100.00 92.41 7.59
F0.9 1.015 1.111 0.180 0.183 17.73 16.43 7.36
PF0.75 0.113 0.124 0.113 0.115 100.00 92.61 7.39
PF0.75 0.540 0.592 0.377 0.381 69.75 64.28 7.85
PF0.50 0.153 0.168 0.153 0.156 100.00 92.91 7.09
PF0.50 0.523 0.574 0.320 0.324 61.15 56.41 7.75
PF0.25 0.183 0.201 0.183 0.185 100.00 92.21 7.79
PF0.25 0.590 0.648 0.300 0.306 50.85 47.20 7.18
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From Table 6.1, it can be noticed that the results from FE simulated model are
in good agreement with the experimental results. The error in the LTE measured from

the laboratory to the FE model is below 8% in all the mixtures at all the groove depths.
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CHAPTER 7

ANN MODEL TO PREDICT JOINT STIFFNESS OF WHITETOPPING
USING FALLING WEIGHT DEFLECTOMETER (FWD) DATA

7.1 GENERAL

This chapter aims to improve the existing model in the literature to calculate the joint
stiffness of whitetopping pavement directly from the field FWD data. The details of
various models that are used to compute the joint stiffness and their applicability to the
whitetopping pavement joints are presented in this chapter. The data generation from
the limited field FWD studies, improvement to the existing models in the literature,
development of ANN model to the analytical models available in the literature and the
improved model in the present study and their accuracy along with the validation of

proposed ANN model are presented.

7.2 DEFLECTION RESPONSE OF WHITETOPPING PAVEMENT JOINT
The field evaluation was carried out using the KUAB 70 vehicle-mounted falling
weight deflectometer shown in Figure 3.16 as per the procedure described in section
3.8.2 of Chapter 3. The deflection values are noted automatically by the computer.
Figure 7.1 shows the deflection response of the whitetopping joint having an LTE of
36%. The LTE is computed using equation 2.3 of Chapter 2.

Distance from joint (mm)
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Figure 7.1 Deflection response of whitetopping pavement joint at LTE = 36 %
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Since the obtained deflection data was limited, the Latin hypercube sampling (LHS)
technique (discussed in the next section) was used to generate more realistic data to

improve the existing analytical model.

7.3 LATIN HYPERCUBE SAMPLING (LHS)

Latin Hypercube Sampling (LHS) is a technique used to generate realistic random
sampling data. The technique is more reliable than the Monte Carlo sampling method
as the LHS sampling has memory. Ceylan et al. (2013) used the LHS technique to
generate the input data for global sensitivity analysis of mechanistic performance
predictions of jointed plain cement concrete pavements (JPCPs). In another study,
Ostadi (2013) used this technique for generating the data for the development of ANN

pavement performance prediction models.

In the present study, the LHS technique has been used to generate the deflection
data of the loaded and unloaded whitetopping pavement slabs at different loading and
pavement temperature conditions. To generate the data using the LHS technique, the
lower bounds and upper bounds are estimated for each loading, pavement temperature,
and deflections at each sensor from the field FWD data. The lower and upper bound
values for each of these are tabulated in Table 7.1. LHS data was generated using
MATLAB command lhsdesign within the lower and upper bounds.

Table 7.1 Lower bound and upper bound values obtained from FWD tests

Parameter Lower bound Upper bound
Load, kKN 21.77 45.03
D1, um 30.17 265.00
D2, um 28.16 159.94
D3, um 26.34 142.27
D4, um 22.74 115.77
D5, um 18.38 90.00
D6, um 16.67 77.67
D7, um 12.46 62.69
Temperature, °C 22.40 42.70

7.4 IMPROVEMENT TO EXISTING BYRUM MODEL

The steps followed to improve the Byrum (2012) model are presented for the field FWD
data of the whitetopping pavement. In Byrum (2012) model, the author computed the
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geometric parameters of deflection data of concrete pavement. Similarly, in the present
study, the geometric parameters are calculated for whitetopping pavement joint
deflection data and are shown in Figure 7.2. In Figure 7.2, Lr is the characteristic
response length which is obtained by extrapolating the line joining the deflection points
on the unloaded slab, and @ is the response angle.

Distance from joint (mm)
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Figure 7.2 Geometric parameters of unloaded whitetopping pavement based on FWD
deflection data

It is seen from Figure 7.2 that Lr extends beyond the unloaded slab of the joint for field
FWD deflection data of the whitetopping pavement joint. For the joint under
consideration, when the Lr of the unloaded slab exceeds its length, the response length
cannot be true response length. The Lr of the unloaded slab adjacent to the loaded slab
has to be considered for computing the joint stiffness. But, according to Byrum (2012)
model, the entire length has to be considered as Lr, which leads to an overestimation of
joint stiffness in the case of whitetopping pavement joints. In Figure 7.2, Lest is the
response length of the unloaded slab that is adjacent to the loaded slab. If Lr is greater
than or equal to the length of the slab, Les is equal to Lr; otherwise, Les is equal to the
length of the slab. The parameters ®@ and Lr are calculated using the following formula.

D =t [P0 (7.1)
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Lr= 1050 + [M (7.2)

tan ¢

The geometric parameters are utilized to develop a linear approximation of the joint
relative shear displacement area. The approximated area of the joint relative shear
displacement of a whitetopping pavement slab having a length lower than the Lris
shown in Figure 7.3. The unloaded slab deflection has been deducted on both sides so
that the unloaded slab deflection is at zero reference. The approximated area shown in
Figure 7.3 is for the FWD deflection data of whitetopping pavement. This area is the
key factor in determining the amount of shear transfer across the joint.

Joint relative shear displacement area approximation
e Ly \ >+ Lz
Unloaded slab ‘Jﬁ 2Ly — "

( ||||||H

A d

UMY

[\ W
Effective area

Ineffective area Loadl\
(D.150-Dns50)/1.06

Figure 7.3 Total linearly approximated joint vertical shear displacement area
mobilized along joint face (Byrum 2012)

The total joint vertical shear force is calculated by multiplying the joint stiffness (k;)
expressed in N/mm? and the integrated area under the deflection difference profile. In
case, if the Lr < length of the slab, the total joint vertical shear force is calculated by
Total vertical joint shear force = [Lr X% Kj % (D-150- D150) %1.06] (7.3)
when Lr > length of the slab, the total joint vertical shear is calculated by
Total vertical joint shear force =

{2Lefr % Drer + [0.5 % (2Lefr) X ((D-150- D150) %¥1.06 — Drefr) ]} K (7.4)
where Leftis the effective length equal to the length of the slab, and Dessis the deflection
of the unloaded slab at the unloaded edge and is given by

Drett = [Left X [(D-150- D150) % 1.06 / Lr] (7.5)

There are two unknown parameters, one being kj and the other being the total vertical

shear force at the joint, in the equation obtained from geometrical interpretation of
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deflection difference profile. In order to solve these unknowns, one more equation is
required. The total joint vertical shear force must be equal to the total FWD load applied
on the joint. Another equation that can be used to determine the joint vertical shear
force is obtained by drawing the free body diagram at the joint. Figure 7.4 shows the
free body diagram of the joint loaded on one side of the slab and the deflection of the
adjacent slab due to load transfer. Applying the equilibrium equations in the vertical

direction, the total FWD load is given by

P=(R+RxLTE) (7.6)
. __ Px(LTE)
Total vertical shear force = 7LTB (1.7

P=FWD Drop Load

-
-

Joint shear force = 1.06 R X (I[:l_f‘“)
-130

Reactions from underlying Base

Figure 7.4 Free body diagram of whitetopping pavement at the loaded joint (Byrum
2012)

The equations (7.3) and (7.7) are rearranged and solved to obtain the equation (7.8) for
Lr < length of the unloaded slab.

(P x 10°) x (D759~ D;59 D19s50)
[(D}5,-1.06D750) X 4 900D 15,

k= (7.8)

For the case, Lr > length of the slab, the equations (7.4) and (7.7) are rearranged and
solved to obtain equation (7.9).

i (P x 10°) x (1050D755-150D ;50D 1950) (7.9)
T (D?5)-1.06D750) % A % Loy [Log % (D 5,-Digse) + (1050D;54-150D 150)] '

deflection of loaded slab

average deflection on unloaded slab

where 1 =
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From the field FWD data of whitetopping pavement joints, the geometric parameters
were determined, and it was found that the response length was always greater than the
length of the whitetopping pavement slab. Thus, equation (7.9) can be used as a
modified Byrum model to determine the joint shear stiffness directly from the field

FWD data for whitetopping concrete pavement joints.

7.5 DEVELOPMENT OF ANN PREDICTION MODEL FOR ANALYTICAL
MODELS AVAILABLE IN THE LITERATURE AND IMPROVED
BYRUM MODEL

The ANN architecture generally comprises of three layers: input layer, hidden layer and

output layer. The architecture used in this study is 9-10-1-1 and is shown in Figure 7.5.

In this study, nine input parameters are used. The nine input parameters are D1, D2,

D3, D4, D5, D6, D7 (defelections measured by seven senors), the load applied by the

FWD and the temperature at the time of testing. Since the data set was small, less

training data resulted in the higher variance in performance of ANN model during

training. The less testing and validation data resulted in the higher variance in

performance of ANN model during testing and validation. Thus, an optimal split of 70

% for training, 15% for testing and 15% for validation was used in the development of

ANN model in the present study. Also, most of the researchers have obtained optimum

results using the same split of data (Alatoom and Al-Suleiman (Obaidat) 2021; Fakhri

and Shahni Dezfoulian 2019; Hossain et al. 2019; Kallannavar et al. 2021; Nivedya and

Mallick 2020b). For the development of the ANN model, ten neurons are used in the

hidden layer, and one neuron is used in the output layer. Bayesian regularization

technique is used for training the network in all the ANN prediction models as this
technique provides better performance than other training techniques (Albatayneh et al.

2020; Heravi and Eslamdoost 2015).

Hidden Layer Output Layer
Input ' ' ' ' Output
o S @ o o @ o
9 b JLi 1
10 1

Figure 7.5 ANN architecture used in the present study
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In this study, the ANN prediction models for the three most popular analytical models
have been developed and presented along with the ANN prediction model for the
improved Byrum model. The three analytical models used in the present work are
proposed by loannides and Korovesis (1990), Maitra et al. (2010) and Byrum (2012).

7.5.1 ANN prediction model for loannides and Korovesis (1990) analytical
model

loannides and Korovesis (1990) proposed an analytical model that provides the
relationship between LTE and joint stiffness (AGG) using FE and dimension analysis
techniques. The model can be used to back-calculate the joint stiffness of conventional

concrete pavement and is given in equation (7.10).

I -1-17786
75 - 0.01

_ | ITE
AGG = k| 52 (7.10)

where AGG is the joint stiffness in psi;
k is the effective modulus of subgrade reaction in psi/inch;

L is the radius of relative stiffness in inches;
LTE is the load transfer efficiency in percentage.

Using equation 2.3 of Chapter 2, LTE corresponding to each LHS sample was
computed. The joint stiffness is calculated for each sample using the loannides and
Korovesis (1990) model. The joint stiffness predicted using the loannides and
Korovesis ANN model and the corresponding joint stiffness computed by the analytical

model are plotted as shown in Figure 7.6.
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Figure 7.6 ANN predicted joint stiffness Vs joint stiffness computed by loannides and
Korovesis (1990) analytical model (a) Training, (b) Testing and (c) Overall

7.5.2 ANN prediction model for Maitra et al. (2010) analytical model

Maitra et al. (2010) introduced a new parameter, modulus of joint stiffness (K;j), to
characterize the efficiency of the aggregate interlocked joints. The authors developed a
model based on the experimental studies conducted by Brink (2003) using the FE
method. The parameter depends mainly on the size of the aggregate used in the

pavement and joint opening. The joint stiffness can be obtained by multiplying the
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length/width of the slab depending on the direction of the joint. The equation used for
calculating Kjis as follow

Kj=0.4568 x x %749 x exp (0.0643x IR) (7.11)
where K is the modulus of joint stiffness in MPa/mm; the joint stiffness is obtained by
multiplying the thickness of the concrete slab; x = crack or joint width in mm; and
IR = interlocking ratio (IR = agg/x; agg = nominal size of 20% of the biggest particles
in the concrete mix in mm).
Using equation 2.3 of Chapter 2, LTE corresponding to each LHS sample was
computed. The joint stiffness is calculated for each sample using the equation (7.11).
The joint stiffness predicted using the Maitra et al. ANN model and the corresponding

joint stiffness computed by the analytical model are plotted as shown in Figure 7.7.
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Figure 7.7 ANN predicted joint stiffness Vs joint stiffness computed by Maitra et al. (2010)

analytical model (a) Training, (b) Testing and (c) Overall
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7.5.3 ANN prediction model for Byrum (2012) analytical model

Byrum (2012) developed a joint stiffness model for aggregate interlocked concrete

pavement joints based on the FWD data. The model is shown in equation (7.12)

PxLTE

kj =
[(1 +LTE) %(D.5-Dg) (1+1%) x@x(

where k; is the joint stiffness in psi;
P is the FWD load in pounds;
LTE is the load transfer efficiency in percentage;

(7.12)
)

D is the deflection in mils on loaded slab 6 in. away from the joint;

Ds is the deflection in mils on unloaded slab 6 in. away from the joint;

iis

the constant;

Q is the unknown function;

Des is the deflection in mils on unloaded slab 66 in. away from the joint.

LTE corresponding to each LHS sample was computed using equation (2.3) of Chapter
2. The joint stiffness is calculated for each sample using the equation (7.12). The joint

stiffness predicted using the Byrum ANN model and the corresponding joint stiffness

computed by the analytical model are plotted as shown in Figure 7.8.
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Figure 7.8 ANN predicted joint stiffness Vs joint stiffness computed by Byrum

(2012) analytical model (a) Training, (b) Testing and (c) Overall

7.5.4 ANN prediction model for improved Byrum model

The joint stiffness values computed using equation (7.9) were used as target values for
developing the ANN prediction model. The joint stiffness predicted using the improved

Byrum ANN model and the corresponding joint stiffness computed by the analytical

model is plotted as shown in Figure 7.9.
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Figure 7.9 ANN predicted joint stiffness Vs joint stiffness computed by improved
Byrum model (a) Training, (b) Testing and (c) Overall
The mean square error (MSE) of each model is computed using equation (14). The
comparison of MSE of the models during the training, testing and overall is tabulated
in Table 7.2.

1
MSE== " (y; — )’ (7.13)
where, y; is the predicted joint stiffness of individual ANN models;

y} is the calculated joint stiffness from the corresponding analytical models;

n is the number of samples.

Table 7.2 MSE of different ANN prediction models developed using analytical

models
ANN prediction models developed MSE
using analytical model Training  Testing  Overall
loannides and Korovesis (1990) 13.46 160.05 24.23
Maitra et al. (2010) 47.17 202.03 70.38
Byrum (2012) 6.88 81.55 17.06
Improved Byrum model (2021) 5.67 30.94 11.33

From Table 7.2, it can be noticed that the MSE of the ANN model is lower for the one
developed using the improved Byrum model in all three cases (training, testing and
overall). The MSE is highest for the ANN model developed using Maitra et al.
analytical model compared to the other models for all three cases. The reason for this
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could be that this model was developed solely based on numerical studies. It is seen
from the plots Figure 7.6 to 7.9 that the ANN model developed using loannides and
Korovesis (1990) model, Maitra et al. (2010) model, and Byrum (2012) model
overpredicted the joint stiffness of whitetopping pavements when compared to the
ANN model developed using the improved Byrum model. The LTE is compared with
field experiments using the joint stiffness computed from the ANN model created from
the proposed analytical model as an input parameter in the FE model for further

validation.

7.6 3-D FINITE ELEMENT (FE) MODEL AND ACCURACY OF ANN
PREDICTION MODEL

The joint stiffness is computed from the improved Byrum ANN prediction model. The
joint stiffness is used as an input in the 3-D Finite Element (FE) model to compare the
LTE from the FE model and field studies. The whitetopping pavement (1.5 m x 1.5 m
each slab) is modelled in the commercially available 3-D finite element software
ANSYS. The details of the FE model are tabulated in Table 7.3.

Table 7.3 Details of 3-D FE whitetopping pavement model

Layer Elements used to  Material properties and Dimensions
model
Layers below Winkler Thickness = 500 mm
bituminous foundation Modulus of Subgrade reaction (k) =
concrete 0.03 MPa/mm
Bituminous  Eight noded Thickness = 190 mm
concrete brick elements Effective Modulus of Subgrade reaction (k) =
layer 0.09 MPa/mm
Whitetopping Eight noded Thickness = 200 mm
concrete brick elements Compressive strength of concrete, foc = 40 MPa
Modulus of elasticity, E = 30000 MPa
Aggregate Spring elements  Spring stiffness, N/mm (from improved Byrum
joint ANN prediction model for different LTES)

The whitetopping concrete slab and underlying bituminous layer were modelled
as linear elastic and isotropic materials. The eight noded brick elements (SOLID 185)
were used to model both layers. The subgrade below the bituminous layer was modelled
as a Winkler foundation using the linear spring elements (COMBIN 14). The aggregate
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interlock between the whitetopping concrete slab was modelled using two series of
spring elements (COMBIN 14). A total number of 17572 elements were used for
meshing the entire model. The ANSYS FE model is shown in Figure 7.10.

Bituminous
concrete
layer

° v
0 1e+006 (um)
| S

5e+005

Figure 7.10 3-D FE model of whitetopping pavement

The spring stiffness was calculated by multiplying the width of the slab with the
joint stiffness obtained from the improved Byrum ANN prediction model. The 3-D FE
simulation was carried out to validate the improved Byrum ANN prediction model by

comparing the LTEs obtained from the simulation and the field data.

The accuracy of the improved Byrum ANN prediction model is determined by
calculating the root mean square error (RMSE), mean absolute error (MAE) and mean
absolute percentage error (MAPE), also called mean absolute percentage deviation
(MAPD). Many authors have used these statistical parameters effectively and
efficiently to assess the performance of the ANN models developed for predicting the
cracks on flexible pavements (Inkoom et al. 2019), IRI of flexible pavements (Hossain
et al. 2019), and predicting the compressive strengths of high-performance concrete
(Chou et al. 2014), geopolymer concrete (Nazari and Sanjayan 2015), FRP-confined
concrete circular columns (Cascardi et al. 2017) and shear strength of reinforced
concrete beams (Chou et al. 2020). The statistical error parameters MAE, RMSE and
MAPE are calculated using equations (7.14), (7.15) and (7.16), respectively.
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where, y; is the LTE computed from the 3-D FE model,
y; is the LTE computed from field FWD data;

n is the total number of field observation samples.
The MAE, RMSE and MAPE are found to be 0.78, 1.01 and 1.13, respectively.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 SUMMARY

8.1.1 Shear parameters of aggregate interlocked joints

In the present study, a simple and reliable test methodology is proposed to

evaluate the performance of aggregate interlocked joints in plain, micro-fiber

reinforced, and macro-fiber reinforced PQC mix cylindrical specimens. It is found that

the test methodology used in the present study can be effectively used to evaluate the

aggregate interlocking in terms of shear strength (t), joint shear stiffness (K), and mode

Il fracture energy (Gir) of concrete mixes at the grooved cross-section under static

shear loading. Also, the same test apparatus can be used for evaluating the shear fatigue

performance of aggregate interlocking in these PQC mixes. The obtained shear fatigue

life cycle data of these mixtures at different stress levels is used for statistical

analysis. The findings from this test are summarized below.

The static shear strength (1), joint shear stiffness (K), and mode II fracture
energy (Gnr) were found to be increasing with an increase in the NMAS and
fiber dosages used in the plain and macro-fiber reinforced PQC mixes,
respectively, irrespective of groove depths under study.

There exists a linear relationship between joint shear stiffness (K) and mode 11
fracture energy (Gur) for all plain and macro-fiber reinforced PQC mixes at both
the groove depths under study. However, a poor linear relationship exists in
micro-fiber reinforced PQC mixtures.

The fatigue performance of aggregate interlocked joints improves with an
increase in NMAS and macro-fiber dosages. However, in the case of micro-
fiber reinforced PQC mix specimens, the performance increases up to 2.1kg/m?,
beyond which further addition of micro-fiber deteriorates the aggregate
interlocked joint performance.

The failure probability against fatigue life plots fits well with the three-
parameter Weibull distribution for all the PQC mixtures when compared to the
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lognormal distribution. This has been demonstrated using the Anderson-Darling
(AD) statistic test.

e The 3-parameter Weibull shape parameter () is greater than one for all the
concrete mixtures, indicating that all PQC specimens fail by wearing action
under shear fatigue loading.

e The PDF and CDF plots of 3-parameter Weibull illustrate that the useful life of
plain PQC increases with an increase in NMAS, and the useful life of macro-
fiber reinforced PQC increases with an increase in macro-fiber dosages under

shear fatigue loading.

8.1.2 Aggregate interlocked joint performance in terms of LTE

A small-scale test setup is developed to simulate the aggregate interlocked joint
in concrete pavements in the present study. The developed small-scale test setup was
used to evaluate the performance of aggregate interlocked joints in plain, micro-fiber
reinforced, and macro-fiber reinforced PQC mix beam specimens in terms of LTE. The
influence of NMAS and fiber dosages on PQC beam specimens at two GDs were
studied. The findings from this test are summarized below.

e The crack width increased with an increase in the number of load repetitions
irrespective of the type of PQC mix and GD. The increase in crack width was
gradual for plain PQC specimens up to ten thousand load repetition cycles.
However, for the fiber reinforced PQC specimens, the increase in crack width
was gradual up to twenty thousand load repetition cycles.

e The maximum deflection on the loaded side of the beam is highest for A19,
F3.0, and PF0.25 mix among the plain, micro and macro-fiber reinforced PQC
mixtures, respectively.

e The relationship between the LTE and RM was determined for each PQC
mixture, which follows an exponential curve. The slope of the exponential curve
determines the extent of load transfer across the joint, thus quantifying the
aggregate interlocking at the joint. Based on the slope values, it is found that the
performance of the undowelled joint is in the increasing order of A19, A26.5
and A31.5 for plain PQC mix, F3.1, F0.9, and F2.1 for micro-fiber reinforced
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PQC mix and PF0.25, PF0.50 and PF0.75 for macro-fiber reinforced PQC mix,
respectively.

e The field test results of LTE of whitetopping pavement joints are compared with
LTE obtained from the relationship between LTE and RM of the A19 plain PQC
mix with a GD of 1/3' of the depth of the beam. The comparison of LTE values
indicates that the proposed small-scale test setup can be effectively used to

evaluate the performance of aggregate interlocked joints.

Overall, from the mentioned two tests, it was found that the use of 31.5 NMAS
and macro-fiber dosage of 0.75% by volume of PQC mix can significantly improve the
performance of undowelled joints in short-panelled concrete pavements. Also, the use
of micro-fiber dosages of 2.1 kg/m? can improve the undowelled joint performance in
Ultrathin Whitetopping (UTW) pavements.

8.1.3 3-D Finite element model

The ANSYS software was used to model the two test methodologies proposed in
the present study. Following are the findings of the 3-D FE analysis.
e The static shear strength values from the simulated 3-D FE model are in good
agreement with the obtained experimental static direct shear test results.
e The small-scale test setup was modelled in ANSYS, and the LTE values from

the model are compared with the experimental results.

8.1.4 ANN model to predict joint shear stiffness of whitetopping pavement joints

In the present study, an improvement to the existing analytical model is presented
that can be used to compute the joint stiffness of whitetopping pavements directly from
the FWD deflection data. ANN models have been developed using the Bayesian
regularization technique for the proposed and previously available analytical models in
the literature. The joint stiffness calculated from the ANN model developed from the
proposed analytical model is used as an input parameter in the FE model. LTE is
compared with the field studies. The following observations are made for the developed
ANN model.
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It was found that the ANN model developed from the proposed analytical model
can predict the joint stiffness of whitetopping pavement accurately when
compared to the ANN model developed from other analytical models available
in the literature.

ANN prediction model proposed in this study is simple, efficient and accurate
enough to calculate the joint stiffness directly from FWD deflection data. In
addition, the ANN model saves the cost of conducting large scale field studies

and saves computational time.

8.2 CONCLUSIONS

Based on the research work carried out, the following conclusions are made:

1.

The larger NMAS (31.5 mm) provides better aggregate interlocking in plain
PQC mix irrespective of the groove depth, and the useful life of plain PQC
specimens increases with the increase in NMAS under shear fatigue loading.
This is due to the greater area of contact for aggregate interlocking across the
grooved cross-section.

The use of micro polypropylene fibers in the PQC mix significantly improves
the aggregate interlocked joint performance under both static and cyclic shear
loading for a dosage of 2.1 kg/m®. Further increase in fiber dosage has
detrimental effects on joint performance due to entrapment of voids at the cross-
section. The use of macro polypropylene fibers in the PQC mix significantly
improved the performance of aggregate interlocked joints under both static and
cyclic loading with an increase in the dosages. This is due to the larger number
of fibers participating in load transfer across the grooved cross-section,
improving the aggregate interlocking.

The LTE and crack width results from the developed small scale test setup also
indicate that the aggregate interlocking performance improves for larger NMAS
and lower groove depth. From the present study, it is concluded that the
aggregate interlocked joint performance can be improved with the addition of
2.1 kg/m? of micro-fiber and 0.75% of macro polypropylene fiber to the PQC

mix.
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4. The results from the 3-D finite element model are in good agreement with the
experimental results for both the cylindrical specimens and simulated beam
specimens prepared using plain and fiber reinforced concrete mixes.

5. The comparison of the field FWD results with the experimental results obtained
from the simulated test setup indicates that the proposed small-scale test setup
can be effectively used to evaluate the aggregate interlocked joint performance
in terms of LTE.

Further, it is concluded that the improved Byrum model presented in this study
can be used to compute the joint stiffness directly from FWD deflection data. The
statistical parameters indicate that the difference in LTE of the field FWD data and the
LTE computed from the 3-D FE model is minimal. It is concluded that the proposed
improved Byrum ANN model is simple, efficient and accurate enough to estimate the
joint stiffness directly from FWD deflection data.

The limitations of the present study are that the comparison of test results of the
proposed small-scale test setup was limited only to the pavement constructed using 19
mm NMAS, the experiments carried out in the present study were not temperature

controlled, and the FE analysis carried out was limited only to static loading.

8.3 SCOPE FOR FUTURE RESEARCH WORK

Following are the scope for future research work:

e The present study can be extended to include the influence of temperature
variation parameters on the performance of the aggregate interlocked joints in
concrete pavements as the pavements are subjected to both temperature and
traffic loads.

e There is a scope to conduct extensive field studies on whitetopping pavements
constructed using macro-fiber reinforced PQC mix to validate small-scale test
setup results for these PQC mixtures.

e The FE model can be improved to model the degradation of aggregate
interlocked joints under shear fatigue loading.

e There is a scope to use different optimization techniques to analyse and predict
the joint stiffness of aggregate interlocked joints of whitetopping pavement

constructed using different PQC mixtures.
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APPENDIX A

The shear stress Vs shear displacement plots used to determine the joint shear
stiffness and fracture energy in Chapter 4 are shown below.

A.1 The shear stress Vs shear displacement plots of the plain PQC cylindrical
specimens A19, A26.5 and A31.5 with a GD of 1/4" of diameter are shown
in Figure A.1, A.2 and A.3, respectively.
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Figure A.1 Shear stress Vs shear displacement plot of A19 plain PQC mix
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A.2 The shear stress Vs shear displacement plots of the plain PQC cylindrical
specimens A19, A26.5 and A31.5 with a GD of 1/3™ of diameter are shown in
Figure A.4, A.5 and A.6, respectively.

(%2}
(%}
[
j—
fras}
w
S
48]

[«F]
<
w

—~
o
o

3

1.20
1.00
0.80
0.60
0.40
0.20

0.00
0 0.5 1 15 2 25

Shear displacement (mm)

Figure A.4 Shear stress Vs shear displacement plot of A19 plain PQC mix
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Figure A.5 Shear stress Vs shear displacement plot of A26.5 plain PQC mix
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A.3 The shear stress Vs shear displacement plots of the micro-fiber reinforced PQC

cylindrical specimens F0.9, F2.1 and F3.0 with a GD of 1/4" of diameter are shown

in Figure A.7, A.8 and A.9, respectively.
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Figure A.8 Shear stress Vs shear displacement plot of F2.1 fiber reinforced PQC mix
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A.4 The shear stress Vs shear displacement plots of the micro-fiber reinforced PQC

cylindrical specimens F0.9, F2.1 and F3.0 with a GD of 1/3" of diameter are shown
in Figure A.10, A.11 and A.12, respectively.
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Figure A.10 Shear stress Vs shear displacement plot of F0.9 fiber reinforced
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Figure A.11 Shear stress Vs shear displacement plot of F2.1 fiber reinforced
PQC mix
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A.5 The shear stress Vs shear displacement plots of the macro-fiber reinforced PQC
cylindrical specimens PF0.25, PF.50 and PF0.75 with a GD of 1/4" of diameter are
shown in Figure A.13, A.14, and A.15, respectively.
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A.6 The shear stress Vs shear displacement plots of the macro-fiber reinforced PQC
cylindrical specimens PF0.25, PF.50 and PF0.75 with a GD of 1/3™ of diameter
are shown in Figure A.16, A.17, and A.18, respectively.
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Figure A.16 Shear stress Vs shear displacement plot of PF0.25 macro-fiber
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APPENDIX B

B.1 Material input data for the 3-D finite element (FE) model in ANSY'S for static

shear test on preformed cylindrical specimens is shown in Table B.1.

Table B.1 Material input data for 3-D finite element (FE) model in ANSY'S

Mix ID Material Property Joint stiffness (K),
MPa/mm
Compressive  Flexural ~ Modulus of GD =1/4"  GD =1/3"
strength, strength, Elasticity, of diameter  of diameter
MPa MPa MPa

Al9 50.7 5.07 34471 1.31 1.06
A26.5 45.33 4.73 32654 1.43 1.29
A31.5 43.11 4.53 31800 1.61 1.45
F0.9 50.67 5.27 35170 1.29 1.34
F2.1 52.44 5.67 35976 1.35 1.42
F3.0 44.89 5.00 34075 1.26 1.30
PF0.25 52.81 5.33 35974 1.62 1.38
PF0.50 56.33 5.80 36867 1.78 1.52
PF0.75 45.00 6.00 37433 1.93 1.70

The spring stiffness is calculated by multiplying the contact area at the grooved cross-
section with joint stiffness. For example, the spring stiffness of A19 plain PQC mix

with a GD of 1/3" diameter is calculated by:

Spring stiffness = joint stiffness x area of contact at the grooved cross-section
=0.64 x 7 x 100% x 0.25
=5027.2 N/mm

Similarly, the spring stiffness values for all the mixes were obtained.

B.2 Material input data for 3-D finite element (FE) model in ANSYS for simulated
small-scale test setup beam specimens subjected flexural loading at the joint.

The material properties shown in Table B.1 were used to model the concrete beam. The
spring stiffness is calculation sample from the relationship between non-dimensional
joint stiffness AGG* and LTE (loannides and Korovesis 1990) is shown below:

The AGG* corresponding to LTE of 20.28% of A31.5 plain PQC beam with 1/3™ of
GD is 0.2 (From Figure 2.1)
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AGG = AGG* x ki

12k (1—p2)

1/4
_ 31800 x1003
12 x0.09 (1-0.152)

=736.67 mm

1/4
3
| of concrete beam = ( L)

AGG =0.2 x0.09 x 736.67
=13.26 MPa
Spring stiffness = AGG x contact area/ width of beam
=13.26 x 6666.67/100
=884 N/mm

Similarly, the spring stiffness values for all the mixes with different GD were obtained.
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APPENDIX C
The ANN script used in the present study in MATLAB software is given below:

% Solve an Input-Output Fitting problem with a Neural Network

% Created 26-Aug-2020 12:25:16

%

% This script assumes these variables are defined:

%

% input - input data: Seven deflection values, and Temperature of pavement and load
applied generated from Latin Hypercube Sampling (LHS) matrix of size (5000 x 9).

% output - target data: Joint stiffness calculated from the analytical models matrix of
size (5000 x 1).

X = input;
t = output;

% Choose a Training Function

% For a list of all training functions type: help nntrain

% 'trainlm’ is usually fastest.

% 'trainbr' takes longer but may be better for challenging problems.
% 'trainscg’ uses less memory. Suitable in low memory situations.
trainFcn = 'trainbr'; % BR.

% Create a Fitting Network
hiddenLayerSize = 10;
net = fitnet(hiddenLayerSize,trainFcn);

% Setup Division of Data for Training, Validation, Testing
net.divideParam.trainRatio = 60/100;
net.divideParam.valRatio = 20/100;
net.divideParam.testRatio = 20/100;

% Train the Network
[net,tr] = train(net,x,t);

% Test the Network

y = net(x);

e = gsubtract(t,y);
performance = perform(net,t,y)

% View the Network
view(net)

% Plots
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% Uncomment these lines to enable various plots.
%figure, plotperform(tr)

%figure, plottrainstate(tr)

%figure, ploterrhist(e)

%figure, plotregression(t,y)

%figure, plotfit(net,x,t)

%

*hhkkhkkhkhkhkkhkhkhkkhkhkhkhhkhkkhkkhhkkhkhhkhkihhkhkhhkhkkhkhkhkkhhkhkihhkhkkihkhkihkhkkhhkhkkhhhkkhkhhkikihkkikihkkhihkkhihkiiikkh

162



LIST OF PUBLICATIONS
International Journals
e Bellary, A., and Suresha, S. N. (2021). “Influence of NMAS and groove depths
on the static and fatigue shear performance of aggregate interlocking in PQC
mixes.” Int. J. Pavement Eng., 0(0), 1-13.
https://doi.org/10.1080/10298436.2021.19683923
e Bellary, A., and Suresha, S. N. (2022). “ANN Model to Predict Joint Stiffness
of White-topped Pavements Using Falling Weight Deflectometer (FWD) Data.”
Int. J. Pavement Res. Technol. https://doi.org/10.1007/s42947-021-00137-8.

International Conference

e Bellary, A., and Suresha, S. N. (2022). “Influence of Coarse Aggregate Size and
Type on the Design Thickness of Rigid Pavements for Indian Conditions.” In
Road and Airfield Pavement Technology, Springer, ICPT 2021 Sri Lanka.
https://doi.org/10.1007/978-3-030-87379-0_31.

National Conference

e Bellary, A, and Suresha, S. N. (2020). “Influence of Aggregate size and type
on mechanical properties of pavement quality concrete (PQC).” 7th Conference
on Transportation Systems Engineering and Management (CTSEM 2020) held
on 29-30 December 2020.

163


https://doi.org/10.1080/10298436.2021.19683923
https://doi.org/10.1007/s42947-021-00137-8
https://doi.org/10.1007/978-3-030-87379-0_31

164



BIO-DATA

Name : Mr. Ashik Bellary
E-mail : ashik.bellary@gmail.com
ORCID : 0000-0001-8462-7692
Mobile No. : 9738255856

Postal Address

: #22 Raja Ratna Saptapur,

Sadashiv Nagar, Dharwad - 580001

Karnataka, India.

Academic and Professional Achievements:

e Selected in the Campus Interview of Larsen & Toubro Limited (Geo-structure I1C)
in 2013 held in KLE Technological University, Hubli.

e Qualified GATE - 2014 in Civil Engineering paper (score = 359 and percentile = 86.97
%).

e Received Prof. C E G Justo Gold Medal in 53" Bangalore University convocation
for scoring highest marks in ME - Highway Engineering.

e Received the Best Project of the Year — 2017 (For Guiding the Undergraduate
Project) award in KSCST’s SPP exhibition held at NMAM Institute of Technology,
Nitte.

Educational Qualifications:

Month- Percentage
Name of the course School/College Year of of marks
passing obtained
PhD NITK, Surathkal - 575025 Pursuing CGPA =85
Master of
Engineering (M.E) i December 0
in Highway UVCE Bangalore -56 2016 84.33 %
Engineering
Bachelor of .
Engineering (B.E) B V_Bhoc_)mareddl College of CGPA =
2 Engineering and Technology | June 2014
in Civil . 9.16
. . Hubli -31
Engineering
Karnataka Science College March
PUC Dharwad - 01 2010 75.67%
K E Board’s High School, March 0
SSLC Malamaddi Dharwad - 07 2008 89.76 %

165



mailto:ashik.bellary@gmail.com
https://orcid.org/0000-0001-8462-7692

BIO-DATA

Experience:
Name of the Institution Areas of Duration
experience
Karnataka Law Society’s
Vishwanath Rao Deshpande
Institute of Technology, Teaching One year (18/07/2016
Haliyal-581329 to 18/07/2017)
Technical SkKills:
Operating System : Windows XP/Vista/7/8/10
Application Software : ANSYS (APDL and workbench), Auto CAD,

KENPAVE, EverFE, MS Office, Solid EDGE,
Staad Pro, 3BDSMAX, Sidra and Vissim.

Languages : C programming, MATLAB

Academic Projects: (Guided)

Soil stabilization using Geosynthetic Material (Bamboo Fibers) KSCST sponsored
Project (Jan 2017-June 2017).

Marshall mix design for warm mix using GGBS (January 2017 - June 2017).

Academic Projects:

Experimental and Numerical Study on Performance of Undowelled Joints in
Concrete Pavements (August 2017 — till date) PhD research work.

Laboratory studies on Stone Matrix Asphalt using Cement, Stone Dust as filler
materials and Bagasse as a stabilizing additive (August 2015 - June 2016) Final year
ME project.

Upgradation of Road stretch of SH-34 connecting Inamhongal to Hire-Ulligere: A
detailed project report (DPR) submitted in partial fulfillment of ME degree (August
2015 — January 2016).

Congestion Reducing Measures in Dharwad CBD Area (August 2013 - June 2014).
Major Project in the Final year BE project related to transportation engineering.
Planning, analyzing and Designing of Hospital building (August 2012 - December
2012).

Extensive Survey Project (January 2013 - May 2013) Involving Irrigation, Highway,
Water supply and Sanitary Projects.

166



BIO-DATA

Details of Research Papers Published/Accepted in Journal:

Bellary, A., and Suresha, S. N. (2021). “Influence of NMAS and groove depths on
the static and fatigue shear performance of aggregate interlocking in PQC mixes.”
Int. J. Pavement Eng., 0(0), 1-13. https://doi.org/10.1080/10298436.2021.19683923

ii. Bellary, A., and Suresha, S. N. (2022). “ANN Model to Predict Joint Stiffness of

White-topped Pavements Using Falling Weight Deflectometer (FWD) Data.” Int. J.
Pavement Res. Technol. https://doi.org/10.1007/s42947-021-00137-8

Details of Research Papers Presented in National/ International Conferences:

Vi.

Bellary, A., and Suresha, S. N. (2022). “Influence of Coarse Aggregate Size and
Type on the Design Thickness of Rigid Pavements for Indian Conditions.” In Road
and Airfield Pavement Technology, Springer, ICPT 2021 Sri Lanka.
https://doi.org/10.1007/978-3-030-87379-0_31 (Book Chapter)

ii. Bellary, A., and Suresha, S. N. (2021). “Sensitivity Analysis of Variation in Modulus

of Elasticity of Concrete on Thickness of Rigid Pavement as per IRC:58-2015.”
Paper presented in 8th Conference on Transportation Systems Engineering and
Management, NIT Calicut.

Bellary, A., and Suresha, S. N. (2020), “Influence of Aggregate Size and Type on
Mechanical Properties of Pavement Quality Concrete (PQC).” Paper presented in 7th
Conference on Transportation Systems Engineering and Management, KSCSTE-
NATPAC & CET, Kerala, India, December 29-30, 2020.

Bellary, A., and Suresha, S. N. (2019), “Influence of Coefficient of Thermal
Expansion of Concrete on Curling Stresses in Rigid Pavements.” Paper presented in
sixth edition of the colloquium on Transportation Systems Engineering and
Management (CTSEM, 2019) held at SVNIT, Surat.

Gupta, L., Bellary, A. (2018). “Comparative study on the behavior of bituminous
concrete mix and warm mix asphalt prepared using lime and Zycotherm as additive.”
Mater. Today Proc. 5(1), 2074-2081 https://doi.org/10.1016/j.matpr.2017.09.203
(Conference Paper)

Bellary, A., Gupta, L. “Laboratory studies on Warm Bituminous Concrete mix
prepared using GGBS as filler material and Zycotherm as additive.” Presented in
International conference on Recent research development in science, engineering and
management. (ISBN: 978-81-931039-0-6)

167


https://doi.org/10.1080/10298436.2021.19683923
https://doi.org/10.1007/s42947-021-00137-8
https://doi.org/10.1007/978-3-030-87379-0_31
https://doi.org/10.1016/j.matpr.2017.09.203

