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ABSTRACT

EVALUATION OF PLAIN AND FiBER REINFORCED
CONCRETE PROPERTIES FOR THE PAVEMENT
STRUCTURAL DESIGN APPLICATIONS

As one of the important infrastructure facilities, concrete pavements are com-
monly used due to their several benefits, and they have a considerable impact on the
environment during their construction and use phases. The properties of construc-
tion materials and the design approach used greatly affect the overall performance of

concrete pavements.

This study aimed to improve the current practices in concrete pavement engi-
neering by improving the efficiencies of materials, as well as the design and evaluation
approaches in use. To achieve this goal, performance of various concrete mixtures

measured under different loading scenarios and numerical analyses were conducted.

In the scope of this dissertation, new testing methodologies have been developed
to measure the cyclic loading performance of concrete mixtures with reduced variation
and to measure the effect of reversed cyclic bending loading on the fatigue performance
of concrete. Additionally, two-stage mixing approach employed for the first time to im-
prove the performance of fiber reinforced concrete by enhancing fiber-matrix interface.
Moreover, the effects of using of discrete structural fibers and recycled aggregates for
concrete pavement applications extensively studied through experiments and numerical
analyses. Based on the results obtained, recommendations for the future research and

design works were provided.
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OZET

YOL KAPLAMASI YAPISAL TASARIM
UYGULAMALARI iCiN YALIN VE LiF DONATILI
BETON OZELLIKLERININ DEGERLENDIRILMESI

Onemli altyap: tesislerinden biri olan beton yollar cesitli faydalar: dolayisiyla
siklikla kullanilmaktadir ve beton yollar hem kullanim hem de yapim asamalarinda
cevre iizerinde biiyiik etkiye sahiptir. Kullanilan malzemelerin 6zellikleri ve kullanilan

tasarim yaklasimi beton yollarin toplam performans: {izerinde biiyiik etkiye sahiptir.

Bu c¢alismada beton yollarda kullanilan malzemelerin etkinligi ile tasarim ve
degerlendirme yaklasimlar:1 iizerine yapilan ¢alismalar ile beton yol miihendisliginde
kullanilan giincel yaklagimlarin gelistirilmesi hedeflenmistir. Bu amaca ulasmak icin,
cesitli beton karigimlarin performans: degisen yiikleme senaryolar: igin olgiilmiis ve

niimerik analizler yapilmistir.

Bu tez kapsaminda, betonlarin yorulma performanslarin diisiik varyasyonla tespit
edilebilmesi ve tersinir tekrarli egilme yiiklemesi durumunun betonun yorulma perfor-
mansi lizerindeki etkilerinin degerlendirlmesi igin yeni deney yontemleri gelistirilmistir.
Ayrica, lif-matris arayiiziiniin gelistirilmesi yoluyla lif donatili beton karigimlarinin per-
formanisinin artirilmasini saglamak amaciyla iki asamali karistirma yontemi bu ¢aligma
kapsaminda ilk kez kullanilmistir. Ek olarak, ¢alisma kapsaminda yapaisal liflerin ve geri
doniisiim agregalarinin beton yol uygulamalarinda kullaniminin etkilerin deneysel ve
niimerik ¢aligmalarla detayli olarak incelenmistir. Elde edilen sonuglara dayanilarak

gelecekte yapilacak arastirma ve tasarim ¢alismalar: igin gesitli Oneriler verilmistir.
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1. INTRODUCTION

Conerete pavements, as one of the important infrastrueture faeilities, are widely
used all around the world due to several benefits obtained from them, sueh as high
strength, high stiffness, and high durability. Conerete pavements have a eonsiderable
impaet on the environment and governments' budgets in both eonstruetion (due to the
materials used, eonstruetion aetivities, ete.) and use (due to the vehicle road inter-
aetion, traffie delay, ete.) phases. Therefore, sustainability of the eonerete pavements
has a erueial importanee, and a variety of methods have been implemented up to now

to improve their sustainability.

Among the types of eonerete pavements, jointed plain eonerete pavements (JPCP)
are the one that eommonly used, due to both low eost and high performanee. Fatigue
of pavement slabs and faulting of pavement joints are the two eommon failure modes
eonsidered for the design of JPCP, and seleetion of pavement material has a eonsid-
erable impaet on both failure modes. Therefore, seleetion of pavement material and
proper struetural design of eonerete pavements have a erueial importanee in terms of

eonerete pavements' sustainability.

Pavement slab fatigue due to the repeated applieation of axle loads is one of
the important failure modes eonsidered for JPCP design, and performanee of eonerete
pavement slabs under fatigue loading is dependent on the properties of eonerete mixture
used. Therefore, determination of eonerete performanee under fatigue loading is an
important issue for design. On the other hand, eonerete fatigue test results usually
exhibit eonsiderable seatter whieh make hard to determine the performanee of speeifie
eonerete type and eompare the performanee of eonerete mixtures under fatigue loading.
In addition, due to the temperature differenee oeeur in the depth of pavement, the slab
eurls in downward and upward direetions during the day and night, respeetively. This
faet leads to ehange in the part of the eonerete slab that works under tension due to

applied axle loads. Though, the bottom part of the pavement slab exposed to tension



during the d,, hours, the top part of the pavement slab exposed to tension during the
night hours. Thus, measurement of the effect of change in stress state during the day

and night hours is an issue to design the concrete pavements correctly.

Use of macro fibers allows to produce concrete pavements with lower thicknesses
due to the improved cracking resistance, and they are the type of reinforcement that
can be put into concrete easily in its fresh state. Due to these benefits, use of fibers in
concrete pavement applications is of great interest of the researchers and authorities,
and several studies have been carried out in this topic. According to the project specific
requirements, various concrete types (conventional concrete, roller compacted concrete,
pervious concrete, ete.) are used in concrete pavement applications, and it is known
that the properties of matrix have a considerable impact on the overall contribution of
fibers to the performance of fiber reinforced concrete (FRC). Therefore, determination
of the performance of fibers in different concrete pavement mixtures and optimization
of the matrix properties to obtain the maximum performance from the fibers are crucial

to increase the benefit that could be obtained from them.

Faulting of JPCP joints is an another failure mode commonly considered in struc-
tural design. Load transfer capability of concrete slab has an important impact on the
overall performance of concrete pavement joints, and it depends on several factors,
such as maximum aggregate size, aggregate hardness, reinforcements, ete. Based on
the relevant literature, though single axle loads mostly critical for fatigue failure mode,

tandem and tridem axles have larger impact on the faulting failure mode.

With the increasing interest in the use of FRC in pavement applications vari-
ous design approaches have been proposed to design concrete pavements with fibers.
However, all of the design methods currently available considers the effect of concrete
pavements on the fatigue performance of concrete pavements and their effects on the
faulting performance was not addressed. On the other hand, limited number previ-
ous studies showed that the use of fibers improves the shear load transfer capability

of pavement joints. Limitedness of the works in this topic is one of the reasons for



the absence of design method regarding the contribution of fibers to the performance
of pavement joints, and this might lead to uneconomical solutions especially for the
pavements that will carry heavy tandem and tridem axle loads. Therefore, further
studies are needed to clearly / numerically represent the contribution of fibers to the

joint performance of concrete pavements.

Since almost all the products of the construction industry have a limited lifespan
ranging from years to decades, recycling of the construction products at the end of their
lives is a vital issue. Due to the large scale use of materials in concrete pavements, the
use of aggregates recovered from demolished concrete structures (recycled aggregates)
in them is one of the subjects widely studied. Due to the weakness (in terms of
hardness, porosity, ete.) of the recycled aggregates (mainly due to the weak mortar
attached to the aggregates) their mechanical and structural performance may vary
in considerable amount compared to virgin ones. Therefore, before its widely usage,
studies that investigate the overall performance of recycled aggregate concrete mixtures

in concrete pavements are needed.

This dissertation has been designed to fill the gaps in the literature related to
the important issues for concrete pavement engineering summarized above. To fill
the mentioned gaps, an extensive experimental and numerical studies were carried out
in the scope of this dissertation and the results were presented under the following

headings:

 Varijation in concrete fatigue tests.

o Effects of stress reversal on flexural fatigue life.

« Effectiveness of fibers in concrete pavement mixtures.

o Effects of fibers on the joint performance of concrete pavements.
» Two-stage mixing approach to improve fiber-matrix interface.

« Structural behaviour o recycled aggregate concrete pavements.

« Joint performance of recycled aggregate concrete pavements.



For each of the headings given above, first the current literature and the gaps that
need to be filled were given clearly. Then, details of methodologies followed for exper-
imental and numerical works carried out in the scope were given. Afterward, results
of the experiments were given for each of the topic, and discussions were presented
based on the obtained results and available literature. In the end, the results were
summarized for each of the topics investigated in the scope of this dissertations, and
recommendations were given for the following research and design works on concrete
pavements. It is believed that the results, discussions and recommendations presented

below will be very beneficial for the following works.



2. LITERATURE REVIEW

Due to the limitedness of earth's sources and increase in the number and energy
use of humans, social and environmental impacts of the engineering works take a great
amount of interest, especially in recent years. Construction industry is one of the largest
consumers of earth's resources, and materials used by the industry have a consider-
able impact on the environment [1, 2], from their production to use phases. Therefore,
several strategies have been implemented to reduce the environmental impact of con-
struction works / materials, such as optimization of production process [3,4], optimiza-
tion of design process [5-7], use of alternative raw materials [8-12], use of alternative
binders [13-17], use of waste materials [18-22], reducing waste production [23-25], use

of local products [26], production of durable structures [23, 27].

United States (US) has approximately 4.5 million km paved and 2.1 million km
unpaved public road (as a sum of urban and rural roads), and in each year an enormous
amount of investment is made to produce new roads and maintenance activities of the
existing roads [28]. in 2017, approximately 181 billion US dollar was spent on US
highways, which was reported to be one of the largest consumers of the US resources
[28]. in 2021, over 40% of US public roadways (approximately 43%) are evaluated as
poor or mediocre conditions [29], which demonstrates that the investments to the roads
will continue in the following years. Due to the materials used and the construction
process itself, construction of pavements has a considerable detrimental effect on the
environment [19, 30]. in addition to this, interaction between pavement and vehicles,
traffic delay and albedo-related impacts of pavements during their service lives also
contributes environmental impact of the pavements in considerable amount [31]. When,
the huge scales of pavement projects, costs and environmental impacts of pavements
considered together, the efficient production of pavements has a great importance in

terms of sustainability and cost-effectiveness.



Since pavement material has one of the most prominent effects on the road in-
vestments, selection of suitable materials is one of the critical issues for pavement sus-
tainability [32-34]. Concrete pavements are often used around the world, due to their
several advantages [35], and a variety of methods has been recommended to improve the
sustainability of concrete pavements; development of sustainable design [32, 36-38] and
preservation strategies [32], reduction of cementitious content [34], use of supplemen-
tary cementitious materials [39-41], use of recyded materials [42-45], use of discrete

fibers [32, 40, 46], ete.

The aim of this dissertation is to enhance the sustainability of concrete pavements
by improving the current practice in concrete pavement engineering (from material to
structural point of views), and a variety of important topics were induded in this
work. in the following parts, current literature related to the subjects examined in the
scope of this dissertation, as well as the literature gaps and summary of the approach

implemented in this study to fill the gaps were given.

2.1. Variation in Concrete Fatigue Tests

Fatigue is a progressive growth of cracks or flaws within the materials under cyclic
application of load that produces a stress lower than the strength of the material [47,48].
Various engineering structures are exposed to repeated loadings from automobile traffic,
sea waves, machine vibration, ete. [49]. The type of fatigue loading usually defined
according to the number of cydic loads applied. Hsu [50] reported the level of cydic
load application to various types of concrete structures (reinforced concrete building
structures, bridges, pavements, sea structures, ete.), and defined the number of load
application approximately between; 1x102 to 1x103 cydes as low eyde fatigue', 1x103
to 1x107 cydes as 'high eyde fatigue', and 1x10’ to 5x10® cydes as 'super-high eyde
fatigue'.

Due to its inherently brittle structure, plain concrete is much vulnerable to tensile

stresses, compared to compressive ones, and combination of tensile stresses with cydic



loading can be extremely deteriorative for concrete [48]. Due to the practical reasons,
cyclic tensile performance of concrete is rarely measured by direct tests, and indirect
testing configurations are used [51]; such as cyclic bending test [52-57], and cyclic

splitting test [51, 58].

Results for all the concrete tests exhibit considerable variations from specimen
to specimen, due to inherent change in properties of the tested specimens resulting
from the change in composition, consistency, applied compaction energy, environmental
conditions, alignment, ete. On the other hand, though the amount of variation in quasi-

static tests is usually in considerable amount, it is much higher for cyclic tests [49, 59].

Bending test is the most common type of test used to evaluate the performance of
concrete under both quasi-static and cyclic tensile stresses. For the quasi-static bending
tests, in batch coefficient of variation (COV) values from 4.0% to 20.8% were reported
in literature [19,35,60,61]. Besides, considerable batch - to - batch variations were also
reported for the quasi-static bending tests (COV between 4.5% to 10.7%) [56,62,63].
On the other hand, the COV values from 28.6% to 161.3% (between 40% and 90%,
most of the time) were reported for cyclic bending tests [62-66]). it is worth noting
here that the COVs given here were calculated by assuming normal distribution for
quasi-static tests, but Weibull distribution is used for cyclic tests, since the normal
distribution assumption was not found suitable for the analysis of most of the cyclic
test <lata. Since this study includes some statistical analysis, details for the calculations

are provided in the following sections.

Schive [67] listed the sources of scatter for laboratory fatigue test results as fol-
lows: structure of material, specimen production, surface quality of specimen, type and
frequency of fatigue load, test frame accuracy, laboratory environment (temperature
and humidity), skill of stafft. When the given sources are examined, it could be said
that most of the parameters that affect the scatter of fatigue life <lata are the param-
eters which also affect the strength of material. Therefore, one of the main reason in

the variation of cyclic test is the variation in strength of the test specimens.



Double-punch test (DPT) is a method, firstly proposed by Chen [68] to evaluate
the tensile strength of plain concrete, then retrieved to evaluate the tensile performance
of FRC by Molins et al. [61]. it was indicated in previous studies that the use of DPT
to measure the tensile properties of concrete reduces the variation of the results, with
respect to both bending and splitting tests [61, 69-71]. Molins et al. [61] attributed
the decreased variation for DPT to the large cracking surface and cracking energy,
compared to bending test. in another study, Colgrove and Chen [69] emphasized the
importance of the load alignment and loading surface smoothness on the variation of

DPT results.

2.1.1. Literature Gap

As explained above, though the variation in quasi-static concrete test results are
in considerable amount, it is much higher for cyclic tests. in terms of structural design
against cyclic loading, one of the critical issue is to determine the Wohler (Stress Ratio
(S) - Cycle Number (N)) curve that will be used in design. The design curves usually
given for a specific level of reliability (survival probability). However, when higher
reliability levels are desired for the design, the large variation of test results leads to
significant decrease in the allowable number of load repetition, which may cause to
an uneconomic design. Another issue related to the variation of test results is that
so many samples need to be tested to obtain representative results for a specific kind
of concrete or to compare the performance of different concrete types. On the other
hand, even testing of single specimen under fatigue loading requires considerable effort

and time (especially for high eyde fatigue).

2.1.2. Examination Methodology

Variation in strength measurements is one of the common sources of the variation
of fatigue test results (explained above), and lower variations were reported in the lit-
erature for DPT compared to bending test commonly used to evaluate the performance

of concrete under tensile fatigue loading. in the scope of this thesis cyclic DPT was



applied for the first time, and variation obtained for the results were compared with
the variation of cyclic bending test obtained in this study and the literature, by doing
statistical analyses. it is believed that the presented results will be very beneficial for

the following studies focused on the performance of concrete under cyclic loading.

2.2. Effects of Stress Reversal on Flexural Fatigue Life

Fatigue in concrete pavements occurs due to the repeated application of wheel /
axle loads throughout their service life and is one of the commonly used failure criteria
in design codes [19]. in each day, due to the reversed temperature differential, pavement
slab curl in downward and upward directions during the day and night, respectively.
Though it was not considered in the early concrete pavement design codes [72, 73], since
curling has a considerable impact on the magnitude of maximum tensile stress occurs
in the pavement slab [74-80], recently published design codes consider the curling of
the slab for the stress calculations, such as Swedish design method [81], Indian Road
Congress (IRC) 58 - 3rd revision [82], American Association of State Highway and
Transportation Officials (AASHTO) - Mechanistic Empirical Pavement Design Guide
(MEPDG) [83] and IRC 58 - 4th revision [84].

For the design, when the pavement slab curled in downward direction (daytime
(upper part of the slab hotter than the lower part)) bottom-up cracking (BUC) case
is taken into account and the critical loading condition occurs when the wheel loads
applied from the midpoint of the curled slab. On the other hand, when the pavement
slab curled in upward direction (nighttime (upper part of the slab cooler than the
lower part)) top-down cracking (TDC) case is considered, and the critical loading
condition occur when the loads applied from both end of the slab (near the transverse
joints) [82-84]. Figure 2.1 illustrates the critical loading cases and stress states for the

day and night hours (prepared based on [79, 84]), accordingly.
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Figure 2.1. Stress states during (a) day and (b) night (dashed lines show the critical

locations far the movable wheel loads).

In Swedish [81] design guide, effect of curling on the magnitude of stresses is
only considered far positive temperature gradient (top of the slab hotter than the
bottom, which increases the stress levels far the BUC case), and in the guides total
fatigue damage is calculated far only bottom-up cracking case (TDC mode is not
taken into account). However, it was emphasized in a variety of studies that the
failure of concrete pavements under cyclic load application might starts from the top
and goes through bottom (TDC) ([80, 85-87], which is due to combined effect of axle
loads and environmental loads (temperature and moisture changes) [80]. Therefare, in
addition to BUC, TDC case was alsa addressed in the recent design guides [82-84],
and different design approaches are suggested to consider bottom-up and top-down

cracking, together.

In the farmer version of IRC concrete pavement design guide (IRC 58 - 3rd
revision [82]) fatigue damage due to BUC and TDC cases considered separately far the
damage calculations, but in the later version of the guide (IRC 58 - 4th revision [84])
fatigue damage occur in the slab is calculated as a sum of the damage due to TDC and

BUC. As in IRC 58 - 3rd revision [82], AASHTO MEPDG [83] accounts the damages
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occur due to BUC and TDC, separately. AASHTO MEPDG [83] calculates the total

fatigue damage as
TFD = (p(BUC) +p(TDC) - p(BUC) x p(TDC)) x 100%, (2.1)

where TF'D is total fatigue damage, and p(BUC) and p(T'DC) are the failure probabil-
ities for BUC and TDC, respectively. in the relevant guide, given formula is explained

as the slab may fail under BUC or TDC, but both cannot occur at the same time [83].

To summarize the design approaches; IRC 58- 4th revision [84] reduce the number
of allowable stress cycles in one direction considering the cyclic loads applied in the
opposite direction, but AASHTO MEPDG ([8] and IRC 58 - 3rd revision [82] assume
that the cyclic loading capacity of slab in one direction will not be jeopardized by the

cyclic loading applied in the opposite direction.

Effect of stress reversal on the fatigue performance of laboratory scale specimens
were studied in a number of previous studies, varying reductions in fatigue resistance
were reported. in one of the earliest studies, Williams [88] investigated the perfor-
mance of lightweight aggregate concrete mixtures, produced with burnt shale aggre-
gates, under repeated (one-way) and reversed (two-ways) cyclic bending loading, and
he reported notable reduction in fatigue performance for reversed cyclic loading. More-
over, Tepfers [89] studied the effect of stress reversal on the fatigue life of cube and
beam specimens. in the mentioned study, he combined the splitting and compressive
loads to produce cyclic stress alternating between tension and compression, and slight
reduction in the fatigue performance for both cube and beam specimens were reported.
Furthermore, Zhang et al. [90] investigated the effect of change in maximum to mini-
mum stress ratio (applied maximum stress / applied minimum stress) (from '+0.5' to
'-1.0") on the flexural fatigue performance of concrete mixtures. Based on the cyclic
bending test results, decreased fatigue resistance with decreasing maximum to mini-
mum stress ratio were reported in the mentioned study [90], and the amount of change
in fatigue resistance due to varying maximum to minimum stress ratio was reported
more pronounced for the positive stress ratios. Cornelissen and Reinhardt [91] and L

et al. [92] investigated the effect of cyclic stress reversal (alternating between uniaxial
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tension and compression) on the fatigue performance of dog-bone shaped specimens,

and in both studies considerable reductions in fatigue lives were reported.

2.2.1. Literature Gap

Due to the change in temperature differential occur in the slab during the day
and night, pavement slabs are exposed to different critical loading conditions which
creates tensile stresses in different part of the slab. Although, it is a common issue for
concrete pavements, different approaches are used in different design guides (explained
above). Une important reason of this difference is the lack of experimental data related

with the fatigue life of concrete under stress reversal.

It has been shown in the previous studies [88-92] that fatigue performance of
concrete adversely affected when subjected to stress reversal repetitively. However, in
the mentioned studies the effect was measured by applying cyclic loadings that produce
cyclic stress alternated repetitively between tension and compression in each eyde. On
the other hand, this loading protocol does not represent the case in concrete pavements,
as stress states of concrete pavements changes from day to night (not changes in each

load application as explained above).

2.2.2. Examination Methodology

In the scope of this dissertation, a novel cyclic loading protocol (which generates
cyclic stresses similar to that occur in pavements) was developed and beam specimens
were tested under the developed fatigue testing protocol (two-way cyclic loading) and
ordinary one (one-way cyclic loading). Based on the results, change in performance
due to the application of two-way loading compared to the one-way loading was deter-
mined, and meanings of obtained results in terms of pavement design were discussed,

considering the concrete pavement design approaches currently available.
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2.3. Effectiveness of Fibers in Concrete Pavement Mixtures

The use of discrete fibers is one of the outstanding ways to reduce the environ-
mental impact of concrete pavements, as the fibers allow to reduce pavement thickness
and increase joint spacing by increasing flexural capacity, fracture properties, fatigue
resistance, and cracking resistance of pavement concrete [60,93-96]. Additionally, large
surface areas of concrete pavements make them susceptible to shrinkage cracks, and
popularity of using macro fibers instead of steel mesh reinforcements to restrain the
shrinkage cracks increases gradually, due to their advantages in terms of construc-
tion time, labor cost, and construction afford [97]. In a previous study [98], doubled
construction cost for steel mesh reinforced slab was reported, compared to its FRC
alternative. Since production and transportation of steel mesh reinforcements are also
energy-intensive processes, elimination of these reinforcements may also be considered
as an important advantage of using macro fibers in terms of environmental impact of

concrete pavements.

Due to the increasing interest in the use of discrete fibers in pavement appli-
cations, several design methodologies have been proposed to determine the thickness
requirement of fiber reinforced concrete (FRC) pavements [93,95,99-101]. In all of the
design approaches mentioned, the post-cracking performance of concrete is taken into
account to consider the contribution of fibers to the structural performance of concrete
slab, and this performance depends on the properties and amount of fibers used, as well
as properties of concrete matrix [60,102,103]. Depending on the project requirements,
concrete pavements are produced by using a variety of concrete types (conventional
concrete, pervious concrete, roller compacted concrete, ete.), and the effectiveness of

fibers may vary in different concrete pavement mixtures.

2.3.1. Literature Gap

Since the use of discrete macro fibers increases the structural performance of pave-

ment material and allow to produce pavements with lower thickness and without steel
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meshes, use of them might be considered as one of the ways to reduce environmental
impact and cost of concrete pavements. However, the number of studies that exten-
sively examine effects of structural fibers on the performance, cost, and environmental

impact of concrete pavements are still limited.

2.3.2. Examination Methodology

Considering above mentioned things, following aspects of using fibers in concrete

pavement mixtures were studied:

o The effect of using macro fibers in varying amounts on the overall performance
of concrete pavements (from structural point of view to the economic and envi-
ronmental aspects).

« The efficiency of fibers in different concrete matrices commonly used for pavement

construction.

For the investigations, first, an extensive experimental study was carried out to
determine the effects of different types (steel and polypropylene) and amount of fibers
on widely used concrete pavement mixtures (normal and high strength conventional
concrete, as well as roller compacted concrete). Then, by using the experimentally
obtained material parameters, thickness requirements for all mixtures were determined
by considering a sample pavement, and the thickness values were used to determine

the cost and environmental impact of the mixtures.

2.4. Effects of Fibers on the Joint Performance of Concrete Pavements

Jointed concrete pavements (most commonly used concrete pavement type) usu-
ally designed by considering two different failure modes: fatigue (failure of concrete
slab under repeated axle loadings), and faulting (failure of pavement joints due to re-
peated axle loadings). Besides, the required pavement thickness is determined based

on the critical one [72,83,104]. it is reported in the literature that single axles are more
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deleterious for fatigue failure mode, but tandem and tridem axles are more destructive

for faulting failure mode [19, 72,105].

In all the fiber reinforced concrete pavement design methods [93,95,100,101] de-
veloped up to now, contribution of fibers to the fatigue performance of concrete pave-
ments was addressed, and recommendations were given for design of FRC pavements
under fatigue loading. However, in addition to fatigue, faulting is an important failure
mode (especially critical for the pavements that will carry large number of heavy axle
loads) for the structural design of concrete pavements, and it has not been addressed

in the FRC design methods proposed up to now.

To improve the faulting performance of concrete pavements, dowel hars are used
in most of the time, especially, when heavy weight vehicles are considered. However,
in some cases dowel hars are not used due to practical (low pavement thickness, roller
compacted concrete pavements) or economic (material, storage, and placement costs)
reasons. When, the dowel hars are not used, load transfer between the adjacent joints
provided only by the aggregate interlocking effect. Therefore, pure aggregate shear load
transfer mechanism has been studied by lots ofresearchers [106-111]. The performance
of un-doweled joints depends on various parameters: joint type and opening; distance
between the cracks; aggregate size, distribution and angularity; subgrade strength and
stiffness; magnitude and number of applied loads, ete. [106,107,109,111]. Contribution
of fibers to the joint performance of concrete pavements were emphasized in a limited
amount of the previous studies. For example, Nanni and Johari [%] linked the enhanced
crack control and micro-dowel effect provided by the fibers with improved load transfer
capacity within the joint. Thompson [112] showed that the use of steel fibers both
reduce the shear displacement and shear degradation rate. Besides, he emphasized
the importance of crack width (considerable reduction in the shear performance with
increasing crack widths) on the post-cracking shear performance and concluded that
the use of steel fibers might improve the shear performance indirectly by decreasing the
crack widths due to the improved tensile performance. In another study, Arnold et al.

[113] examined the contribution of steel fibers to the post-cracking shear performance of



16

concrete beams and reported considerable improvement in the performance by adding
steel fibers. They also reported increase in the performance with the increasing amount
of fiber usage. in a more recent study, Barinan and Hansen [114] reported improved
post-cracking shear performance for synthetic fiber reinforced concrete mixtures, in

varying amounts.

2.4.1. Literature Gap

With the increasing interest in the use of discrete fibers for the pavement applica-
tions, a variety of methodologies proposed for the structural design of FRC pavements.
However, none of the method currently available account the contribution of fibers to
the performance of pavement joints which might leads to uneconomic design results,
especially for the pavements that will carry large number of heavy axle loads. Une of
the reasons for this issue is the limitedness of the research studies concentrated on the

joint performance of fiber reinforced concrete pavements.

2.4.2. Examination Methodology

In the scope of this study, contribution of polypropylene fibers to the post-
cracking performance of concrete mixtures was examined. For the examinations, first,
3 different concrete mixtures with varying fiber ratios were designed, and basic me-
chanical properties (compressive strength, modulus of elasticity, flexural performance)
of the mixtures were determined according to the relevant standards. Then, post-
cracking shear performance of the mixtures were measured by using a small-scale testing
methodology, recommended in the literature. Afterward, test results were evaluated,
and several discussions / suggestions were provided by considering them and outcomes

of previous studies.
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2.5. Two-Stage Mixing Approach to Improve Fiber-Matrix Interface

Performanee of FRC (both before and after eraeking) depends on a variety of pa-
rameters, sueh as fiber type, fiber amount, fiber distribution and orientation, properties
of eonerete matrix [60, 115-119]. Importanee of fiber-matrix interfaeial transition zone
(ITZ) properties in terms of FRC performanee was emphasized in numerous studies,
whieh depends on both properties of fibers and eonerete matriees [102,103, 119-122].
Due to the dependenee of overall performanee of FRC to the quality of fiber-matrix
interfaee, a variety of methods have been developed until now to improve the interfaee,
sueh as fiber surfaee modifieation [122], fiber geometry modifieation [123], densifiea-
tion of matrix (using supplementary eementitious materials (SCMs), low water/ eement,

ete.) [124-127].

Two-stage mixing approaeh (TSMA) firstly proposed by Tam et al. [128] to im-
prove the performanee of eonerete produeed with reeycled aggregate by filling the pores
and improving the ITZ around the reeyeled aggregates. in the mentioned study, by
modifying the mixing protoeol it was aimed to eover the reeycled aggregates with ee-
ment paste that includes low amount of water (low water/eement paste), and up to
21.2% inerease in the eompressive strength was reported, based on the experiments
earried out the study. Following this primary study, several studies have been earried
out to investigate the effeets of supplementary eementitious materials (fly asli, slag,
siliea fume, ete.), ehanging mixing protoeols and reeycled aggregate replaeement ratios
on the benefits obtained from TSMA [129-137]. in addition, it was shown in the pre-
vious studies [133,138,139] that the use of TSMA is also give favorable performanees

in terms of durability eharaeteristies of eonerete produeed with reeycled aggregates.
2.5.1. Literature Gap
it was indieated in several previous studies that the use of diserete fibers might

be a way to reduee environmental impaet of eonerete, and amount of eontribution that

eould be obtained heavily depends on the overall performanee of FRC. Besides, depen-
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dence FRC performance to the fiber-matrix interface quality was emphasized in several
studies, together with the parameters that have an impact on that (fiber geometry and
surface properties, water to cement ratio of concrete matrix, ete.). Although, varying
methods were proposed in literature to improve the fiber-matrix interface up to now,

the studies are still going on to obtain further benefits from the fibers.

2.5.2. Examination Methodology

TSMA commonly used to improve the performance of recycled aggregate concrete
mixtures, was revisited in the scope of this thesis, to enhance the fiber-matrix interface,
and to improve the overall FRC performance of FRC. To investigate the contribution
that could be obtained from the mixing approach implemented, first mechanical tests
(compressive strength, modulus of elasticity, and flexural performance) and micro-
structural analyses (environmental scanning electron microscopy and energy-dispersive
X-ray spectroscopy) were carried out. Then, the effects of contribution, obtained from
the implementation of TSMA on the cost and environmental impact of concrete were

examined by doing a case study.

2.6. Structural Behavior of Recycled Aggregate Concrete Pavements

Since almost all the products of the construction industry (a large consumer of
natural resources) have a limited lifespan ranging from years to decades, recycling of the
construction products at the end of their lives is a vital issue. Therefore, a considerable
number of studies (e.g. [140-145] have been carried out on this subject. The use of ag-
gregates recovered from demolished concrete structures (recycled concrete aggregates)
in concrete pavement applications is one of the subjects drawing researchers' attention
intensely. Thus, the effects of recycled concrete aggregates on the properties of con-
crete pavements were studied in various aspects, such as fresh state properties [146],
mechanical properties (e.g., strength, fatigue performance) [147-150], cost [151,152],
field performance [153-155], structural performance [19], durability [156, 157], and en-

vironmental impact [44, 46,152].
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Because of their various advantages, concrete pavements are widely used all
around the world [35]. To design the concrete pavements a variety of design meth-
ods (e.g. [72, 73, 83, 84]) are used in different countries. In most of the design guides
(e.g. [72,73,83]), fatigue of concrete slab and erosion of the slab support are two com-
mon failure cases considered in design, and the design is done to determine the slab
thickness required to resist the repeated application of axle loads during the life of the
pavement. Besides, flexural strength, modulus of elasticity and density are the impor-
tant properties of concrete used to determine the required thickness of the pavement.
Since the properties of the aggregates used to prepare the concrete mixtures have an
important impact on the concrete properties used in design, required thickness values

may significantly alter based on the type of aggregate used.

As previously explained, recycled aggregate concrete mixtures are usually known
for their low strength, elastic modulus and densities, compared to the mixtures pro-
duced with virgin aggregates [145,158]. However, performance that could be obtained
from the recycled aggregates depends on both the types and amount of recycled aggre-

gate used.

2.6.1. Literature Gap

Though the effects of recycled aggregate usage on the performance of concrete has
been widely-studied in the literature, there is a lack of data for the effect of obtained

performance on the structural behaviors / requirements of concrete pavements.

2.6.2. Examination Methodology

To fill the above mentioned gap in literature, 3-dimensional (3D) finite element
analyses were carried out in the scope of this dissertation for various concrete mixtures
that includes virgin and recycled aggregates, by using the mechanical properties of the
mixtures measured experimentally. It should be emphasized here that the 3D finite

element analyses have been done by following a novel methodology which considers the
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well-known previous works. According to obtained results, several recommendations
have been given for the future research and design works, which are believed to be very
beneficial for the future studies and design applications that include the use of recycled

aggregates.

2.7. Joint Performance of Recycled Aggregate Concrete Pavements

Joint faulting is an important mode of failure for concrete pavements [159-161]
which is considered to be one of the main design criteria in concrete pavement design
guides [72, 83]. Faulting performance of concrete pavements is affected by a variety
of sources, such as strength and stiffness of road layers, joint spacing, dowel bars
(if any), traffic loads, edge support, and base-subbase characteristics [83, 162-164].
Relative deflection of neighbor slabs (usually represented as 'Load Transfer Efficiency
(LTE) (%) = deflection of unloaded slab / deflection of loaded slab x 100") under the
applied load is one of the crucial indicators that shows the performance of concrete
pavement joints in terms of faulting [109, 163,165]. For pavement joints, total LTE is
provided by the following contributors: aggregate interlock, dowel bars (if they exist),
and base/subbase [164].

Ioannides and Corovesis [106] defined the aggregate interlock as a natural mecha-
nism that transfers the loads within the pavement discontinuities (cracks, joints). The
load transfer provided by the aggregate interlock mechanism is significant for the joints
without load transfer devices (dowel bars). Properties of aggregates (e.g., stiffness of
aggregates, the shape of aggregates, largest aggregate size, aggregate size distribution)
used in the concrete mixture, as well as joint crack width, have a great impact on the

load transfer provided by aggregate interlocking [109, 166-172].

Joint performance for concrete pavement mixtures produced with recycled aggre-
gates was studied in a limited number of previous studies. Volz et al. [155] reported
similar joint performance in field for doweled pavement joints produced with virgin

and recycled aggregate concrete mixtures. Cross et al. [173] investigated the field
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performance of non-dowelled jointed concrete pavements produced with recycled and
virgin aggregates, and they reported higher joint faulting values for recycled aggre-
gate concrete pavement. in a study, Vandenbossche [167] attributed the reduced joint
performance obtained for the recycled aggregate concretes to the two-phase (natural
aggregate 1 old mortar) structure of recycled aggregates which yields lower roughness
in fracture (crack) surfaces (due to the smaller size of natural aggregates inside the
recycled aggregates). in another study, Ozturk et al. [19] reported lower faulting per-
formance for RCA, and they attributed the performance to the increased shrinkage
(which leads to higher joint crack widths) and lower abrasion resistances obtained for

recycled aggregates.

2.7.1. Literature Gap

Use of recycled aggregates in concrete pavement mixtures is a popular topic stud-
ied in its various aspects in detail. On the other hand, the number of studies concen-
trated on the effects of recycled aggregates on the faulting performance of concrete
pavements, which is considered as one of the major failure modes in design, is very

limited.

2.7.2. Examination Methodology

in this study, 3 different concrete mixtures were designed, as a mixture with full of
virgin aggregates, two mixtures containing 50% and 100% recycled coarse aggregates.
Then, basic mechanical (compressive strength, modulus of elasticity, Poisson's ratio,
and flexural strength) and physical properties (density, absorption, and porosity), as
well as abrasion resistance and post-cracking shear performance of concrete mixtures
were measured. Based on the results obtained experimentally, a variety of discussions

were presented in the paper, and recommendations were given accordingly.
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3. EXPERIMENTAL AND NUMERICAL STUDIES

3.1. Materials

For the experimental studies carried out in the scope of this dissertation, two
different Euro Norm (EN) 197-1 [174] CEM I 42.5 R type Portland cement, as well
as ground granulated blast furnace slag and microsilica (MS) were used as binding
materials, and their properties were given in Table 3.1. Various concrete mixtures
(various plain, fiber reinforced, and recycled aggregate concrete mixtures) were pro-
duced in the scope of this thesis, and aggregates obtained from various sources (with
various sizes and properties) were used to produce the mixtures. Properties of all the
aggregates used were given in Table 3.2. For all the mixtures, tap water was used as
mixing water. in addition, to adjust the workability of mixtures two different type
of superplasticiser (SP) (modified polycarboxylate ether and naphthalene sulfonated
formaldehyde). Moreover, one type of polypropylene and one type of steel fibers were
used to produce FRC mixtures. Properties and photos of the fibers used were given in

Table 3.3 and Figure 3.1, respectively.
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Figure 3.1. Photos of (a) polypropylene and (b) steel fibers.
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Table 3.1. Ingredients / properties of binders.

Ingredient / Property | Cement | Cement A | Slag MS
CaO (%) 63.23 63.70 3663 | 0.03
Si02(%) 1871 19.80 40.95 | 9021
Al20; (%) 426 5.58 12.10 -
Fe20;3 (%) 329 342 1.28 -
MgO (%) 1.06 122 548 -
S05(%) 321 3.34 0.16 0.35
Na20(%) 0.24 0.24 0.56 0.45
K20(%) 0.68 0.66 0.36 0.85
c1-(%) 0.04 0.04 0.02 -

Loss oflngition (%) 3.37 1.85 0.11 2.87

Insoluble Residue (%) 0.70 0.29 - -

Unknown (%) 191 0.15 - -
Free Lime (%) 147 2.20 - -
Specific Gravity (g/cm?) | 3.14 3.14 2.95 2.26
Specific Surface (<m2/ 2 3800 3490 5253 | 257000
GsS (%) 66.69 4792 - -
C2S5(%) 342 20.70 - -
C3A(%) 573 9.01 - -
CAAF(%) 1001 1041 - -

3.2. Mixtures, Mix Design and Specimen Production

3.2.1. Mixtures

Conventional concrete mixtures with virgin and recycled aggregates, as well as
conventional and roller compacted fiber reinforced concrete mixtures were designed and
tested in the scope of this dissertation. Since several investigations were made in the
scope of this dissertation independently from each other, properties and ingredients
of the concrete mixtures used were given in the relevant part of the 'Results and
Discussion' chapter, to make clear them for the readers. On the other hand, basics
of the methodologies followed to design the concrete mixtures were given in the next

part.
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Table 3.2. Properties of aggregates.

Aggregate Partide Size Oven-Dried Saturated&Surface Water
Type ) Partide Density Dried Partide Absorption
(g/cm?) Density (g/cm?) (%)
CSt: N I 5-12 2.70 2.72 0.8
CSt: No I 12 - 24 2.69 2.71 0.6
es 0-5 2.65 2.68 1.1
NS 0-5 2.60 2.62 0.8
CSt: No LA 4-8 2.68 2.70 0.65
CSt: No ILA 8-16 2.69 2.70 0.54
RCA:Nol 4-8 2.24 2.40 6.65
RCA: No II 8-16 2.36 2.43 3.04
RBA:Nol 4-8 1.80 2.08 13.50
RBA: No I 8-16 1.86 2.10 11.54
cs_A 0-4 2.67 2.70 1.2
NS A 0-4 2.63 2.65 0.8
Free Lime (%) 1.47 2.20 - -
Specific Gravity (g/cm?) 3.14 3.14 2.95 2.26
Specific Surface (an?/g 3800 3490 5253 257000
C5S (%) 66.69 47.92 - -
G S (%) 3.42 20.70 - -
G A%) 5.73 9.01 - -
CH4AF (%) 10.01 10.41 - -

3.2.2. Mix Design

Conventional concrete mixtures were designed by using the concrete technology
method. For all the investigation cases, first the binder, fiber and water amount was
selected and fixed, by considering the expected concrete performance (strength, duc-
tility, ete.). Then, aggregates were proportioned for the relevant mixture considering
the suggestions given in Turkish Standard (TS) 802 [175]. in the end, trial mixtures
were prepared to determine the amount of SP required to achieve desired concrete
consistency. Amount of concrete ingredients for 1 m® concrete mixtures were given for
all the conventional concrete mixtures in the relevant part of 'Results and Discussions'

chapter.

On the other hand, roller compacted concrete mixtures were designed by using

the soil compaction method [176]. For all plain and fiber reinforced concrete mix-
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tures, first, cement dosage and fiber amount was selected and fixed considering the
expected concrete performance (strength, ductility, ete.). Afterward, aggregates were
proportioned based on the suggestions given in American Concrete Institute (ACI)
guide [176]. Then, amount of water required to achieve maximum dry density was
determined for both plain and fiber reinforced concrete mixtures via modified proctor
tests, as suggested in ACI 327R [176]. it is worth noting here that the RCC mixtures

were designed without SP.

3.2.3. Specimen Production and Curing

3.2.3.1. Mixing Method. Two different pan mixers with 55 L and 90 L capacities were

used to mix the concrete mixtures. First, dry materials (aggregates and cement) put
into mixer and mixed for 2 minutes. Second, water and SP (if any) were added gradually
in 1 minute while the mixer was still running, and the wet mix was mixed for additional
1 minute. in the final step, wet mixtures were mixed for 2 minutes to achieve uniformity.
it should be noted here that for fiber reinforced concrete mixtures, fibers were added
in 1 minute gradually in the first part of the final 2 minutes mixing (while the mixer is
running). After completion of mixing protocol, slump values of mixtures were measured
according to American Society for Testing and Materials (ASTM) C143 [177], to check
if the final mix satisfies the requirements of aimed concrete. However, since RCC is a

zero-slump concrete, the measurement was not done for the RCC mixtures.

Table 3.3. Properties of polypropylene (PPF) and steel (SF) fibers.

Elastic Tensile
Length | Diameter | Aspect
Fiber | Surface Shape Modulus | Strength

(mm) (mm) Ratio
(GPa) (MPa)

PPF | Embossed Straight 40 0.72 56 8.5 550
SF Smooth Hooked-end 36 0.55 65 200 1345
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3.2.3.2. Specimen Production. Following the mixing protocol, for the physical and

mechanical test specimens (cylindrical (10x20 cm) and prismatic (10xliix35 cm)) were
produced for all the mixtures. Conventional concrete mixtures produced in the scope of
the dissertation were compacted by using a vibrating table in two layers. On the other
hand, a vibratory hammer was used to compact the RCC mixtures, and the specimens
were compacted in two layers with approximately similar thickness, according to ASTM

C1435 [178].

3.2.3.3. Cracking Operation for Cyclic Shear Test Specimens. Following the demold-

ing process (at approximately 24 hours), prismatic specimens (10xliix35 cm) produced
for shear tests were cracked with the cracking protocol suggested in literature [112, 113]

and explained below.

First, to weaken the sections, two '10 mm' thick notches were sawn all around the
specimen perimeters, where both notches were away from the middle of the specimen
by '5 cm'. Then, reference points were mounted to both sides of the induced cracks to
measure the crack widths. Afterward, the specimens were uniformly cracked from the

weakened sections to a predefined crack width (0.2 mm) in 4 steps as follows:

In the first step, one of the weakened sections (by cutting the notches) of the
specimen was loaded under the three-point bending test configuration until cracking
as shown in Figure 3.2, and the specimen is unloaded. Then, specimen was shifted to
induce a crack in the other weakened section and loaded again until cracking. Following
this, the specimen was rotated upside down, and loaded from the first and second
cracks, respectively, until the crack width in the middle of the section reaches '0.2
mm'. The four stages of cracking protocol were also shown in Figure 3.3. An MTS
closed-loop servo-hydraulic testing machine was used for cracking operations and for all
the crack width measurements done in this study a caliper with 'O.0l mm' sensitivity
was used. Following the cracking operation, cracked specimens were carefully put into

the water tank (with 23 +2 °C temperature), and cured for 28 days.
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Figure 3.2. Three-point loading configuration for the cracking of shear specimens
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second step (c) third step (d) fourth step (beam specimens were rotated upside down

between second and third step).

3.2.3.4. Curing. After the completion of the compaction process, all the specimens

were demolded approximately in 24 hours, and then cured according to ASTM C192
[179] (moist cured at 23 +2 °C), until the test age.
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3.3. Physical Tests

To determine the physical properties; density, water absorption, and porosity val-
ues of all the concrete series were measured according to ASTM C642 [180]. Cylindrical
samples with 10 cm diameter and 5 cm height sawn from 10x20 cm cylinders were used

for the tests.

3.4. Mechanical Tests

3.4.1. Compressive Strength and Modulus of Elasticity

Modulus of elasticity and compressive strength tests were carried out on 10x20
cm cylindrical specimens, according to ASTM C469 [181] and ASTM C39 [182], re-
spectively. Though, modulus of elasticity tests were done by using an MTS closed-loop
servo-hydraulic test machine with 500 kN of maximum loading capacity, an automatic
compression machine with 3000 kN of maximum loading capacity was used for the
compressive strength tests. Test frame configuration for the modulus of elasticity tests

was given in Figure 3.4.

3.4.2. Quasi-Static Bending for Plain Concrete

For almost all the plain concrete mixtures, load controlled 4-point bending tests
on plain concrete mixtures were carried out according to ASTM C78 [183], and photo
of the test frame was given in Figure 3.5. in addition, for the part related to structural
performance of recycled aggregate concrete mixtures, 3-point bending tests were con-
ducted according to Japan Concrete Institute (JCI)-8-001 [184]. All the bending tests
were carried out on 10xliix35 cm prismatic specimens by using an MTS closed-loop

servo-hydraulic testing machine with 100 kN capacity.
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Figure 3.4. Modulus of elasticity test frame.

3.4.3. Quasi-Static Bending for Fiber Reinforced Concrete

Flexural performance tests on fiber reinforced concrete mixtures were carried out
on 10xliix35 cm prismatic specimens cured for 28 days. The tests were conducted
according to ASTM C1609 [185] by using an MTS closed-loop servo-hydraulic testing
machine with 100 kN maximum loading capacity. Two linear variable displacement
transducers (LVDTs) were used to measure the midspan deflection of the specimens,
and the tests were conducted by controlling the midspan net deflection (average of two
LVDTs measurements placed on front and back side of the specimens), as recommended

in ASTM C1609 [185]. Photo of the test frame was given in Figure 3.6.

3.4.4. Quasi-Static Double-Punch

Double-punch tests were conducted on 15x15 cm cylindrical specimens sawn from

15x30 cm eylinders, and the diameters of the punches were 3.75 cm (1/4 of the diameter

of the tested specimen) as recommended by Chen [68].
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Figure 3.5. Plain concrete bending test frame.

For DPTs an MTS closed-loop servo-hydraulic testing machine with 500 kN ca-
pacity was used, and photo of the test frame was given in Figure 3.7. Tests were done
by loading head displacement control, and displacement rate was set to 0.5 mm/min
considering the recommendation given in Molins et al. [61]. It should be noted here
that the top platen of the 500 kN MTS compression machine has rotating ability.
However, the diameter of the punch is much lower than the upper platen, which makes
hard to rotate the loading head by applying load to punch. Therefore, the spherical
contact surface between the bearing block and the main frame was regularly lubricated
to provide the rotation with minimum frictional resistance, as suggested by Colgrove

and Chen [69].
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Figure 3.6. Fiber reinforced concrete bending test frame.

3.4.5. Abrasion

Abrasion tests were conducted according to ASTM C1747 [186], which was orig-
inally developed for pervious concrete mixtures. Considering its simplicity and strong
correlation with surface abrasion tests reported in the literature [187], this test method
was used in this study to compare the abrasion resistance of concrete mixtures produced
with virgin and recycled aggregates. Three tests were carried out for all concrete mix-
tures using an automatic Los-Angeles abrasion machine. For each test, three cylindrical
specimens with 10 cm diameter and 10 cm height (sawn from 10x20 cm cylinders) were
put into the Los-Angeles abrasion machine, and the machine was rotated 300 times.
Mass of the specimens was measured before and after each abrasion test, and mass loss

due to the abrasions was calculated accordingly.

3.4.6. Cyclic Bending

Cyclic bending tests were carried out on 10xlix35 cm (with '30 cm' span length)

prismatic specimens by using an MTS closed-loop servo-hydraulic testing machine with
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100 kN eapaeity with 10 Hz loading frequeney. Maximum stress levels were seleeted
as 75% and 85% of flexural strength, while minimum stress level was 10% of flexu-
ral strength. Flexural strength mentioned here was determined from the quasi-statie

flexure test results applied to the speeimens prepared for the same mixtures.

Figure 3.7. Double-puneh test frame.

3.4.7. Reversed Cyclic Bending

For the tests, first the beam speeimens were loaded, by using an MTS dosed-
loop servo-hydraulie test maehine, in one way up to a eyde eorresponds to 30% failure
probability (70% reliability), determined by assuming Weibull distribution (details were
explained below). Then, survived speeimens (after eydie load applieation up to a eyde
number eorresponding to 30% failure probability) were rotated 180" around their een-
terlines and eydie loads were applied until the failure. Number of eydes eorresponding
to failure were reeorded at the end of the tests. It should be noted here that for all
loading eases minimum stress level was used as 10% of flexural strength and the tests
were eondueted with 10 Hz loading frequeney. It is worth noting here that the illus-
trations of the applied eydie loading protoeols were given together with the loading
protoeol previously [9] used to evaluate eydie loading performanee under stress rever-
sal in Figure 3.8 Besides, the ineonvenienee of the previously applied protoeol in terms

of eonerete pavements was explained in the 'Literature Review' part of the dissertation.
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Figure 3.8. Illustrations of (a) one-way cyclic loading protocol, (b) loading protocol
previously applied to measure the effect of stress reversal on cyclic bending

performance, and (c) two-way cyclic loading protocol.

3.4.8. Cyclic Double-Punch

Cyclic double-punch tests were applied with an MTS closed-loop servo-hydraulic
testing machine with 500 kN capacity. Similar maximum (0.75 and 0.85) and minimum
(0.10) stress levels, as well as loading frequency (10 Hz) with flexural fatigue tests were
used for the tests. On the other hand, the strength values used for cyclic DPTs were
determined from the other half of the specimens. in another words, for cyclic DPTs, the
maximum load that can be resisted by the one half of the specimen (15x15 cm cylinder

sawn from 15x30 cm cylinder) was used to determine the maximum and minimum
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stress magnitudes for the cyclic loading (which was applied to the other half of the
15x30 cm specimen). This special method was followed to eliminate the variation from
specimen-to-specimen and batch-to-batch (both are in considerable amount in most of

the times, as explained in the introduction part).

3.4.9. Cyclic Shear

Post-cracking shear tests were carried out for varying different crack widths, by
using an MTS servo-hydraulic closed-loop testing machine with 100 kN maximum
loading capacity following the recommendations given in Thompson [112] and Arnold
et al. [113]. Drawings and photo of the test frame used were given in Figure 3.9. As it
can be seen from the figures, the concrete specimen was loaded from the middle portion
while portions on the sides were fixed to machine. 4 linear variable displacement
transducers (LVDTs) (2 front (1 left, 1 right), 2 back (1 left, 1 right)) were placed
to suitable positions two measure the deflection of middle portion compared to fixed
portions of the specimen, which is closely related to the shear performance of cracked

sections.

Cyclic loading was applied with 2 Hz according to the recommendation given in
Arnold et al. [113], and the tests were continued for 500 cycles. To produce positive
and negative 250 kPa' shear stress on each cracked surface, '+3.2 kN' maximum and
'-3.2 kN' minimum load magnitudes were applied during the cyclic loadings. it should
be noted that the magnitude of the shear stress was used by considering the suggestions
given in Arnold et al. [113], where 250 kPa' was recommended as a typical shear stress
magnitude, for concrete pavements. Additionally, number of cycles applied to the
specimens (500 cycles) were selected to test specimens up to a cycle number that gives
a relatively stable deflection values could be obtained, since both Thompson [112] and
Arnold et al. [113] studies showed that the post-cracking shear damage propagation is

considerably higher for the first a few cycles compared to following ones.
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Figure 3.9. Shear frame (a) section, plan drawings (units are given in 'cm’), (b) photo.

3.5. Microstructural Analyses

Fiber-matrix interface properties were investigated by using an environmental
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
(Philips XL30 ESEM-FEG/EDX), to understand the effects of applied mixing method-
ology in microscale. Specimens used for the microstructural analyses were sampled from
10x10x35 cm beams used in flexural performance tests. First, the beams were crushed
until a sample ('volume < 1 cm? with a maximum side length of 'l cm') was ob-
tained with a fiber that could be separated from the cement matrix without significant
damage. Then, the fibers were detached from the matrix carefully to obtain a clear
interface with minimal damage. SEM images of one of the detached fibers were given
in Figure 3.10 (for different magnifications: 100x, 200x, 1000x, 500x), which shows
the appearance of the surface after detaching in microscale, as well as the hydration

products attached to the surface.



36

Figure 3.10. SEM images ofa carefully detached fiber: (a) 100x, (b) 200x, (c) 1000x,
(d) (5000x).

Following the detaching process specimen surface that will be analyzed was cov-
ered with platinum and put into the SEM. For the analyses, first the interface was
investigated by using the SEM images for the impurities and cracks. Then, EDX
analyses were done to determine elemental distribution of an area free from cracks and
impurities (large fiber residues, detached particles, pores, ete.). The width of embossed
PP fibers used in this study was '1.2 mm’, and '1/3" of this width was used asa side
length of square area (400 wm x 400 um') for EDX analyses. it is worth noting here
that the size was also found to give reasonable (stable) elemental distribution (similar
distribution with small change in size and position of analyzed surface) from trial anal-
yses. For each of the FRC mixtures, 3 different surfaces were analyzed to avoid from
the results that only explain the distribution for a local area. For one of the analyzed
sample, SEM images (IO0x and 200x magnification), as well as obtained EDX spectrum
and distribution of elements (both for 'weight%' and 'atomic%') were given in Figure
3.11. As given in the figure, the surfaces were analyzed for the following elements:
oxygen (O), calcium (Ca), silicon (Si), magnesium (Mg), aluminum (Al), sodium (Na),

iron (Fe), sulfur (S), potassium (K), and carbon (C) (to check for PP fiber residues).
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As it can be seen from Figure 3.11 ((d) and (e)), in addition to oxygen, cal-
cium (Ca) and silicon (Si) are the elements that produce significant portion of ce-
ment paste. Calcium to silicon ratio (Ca/Si) is the parameter commonly used to
explain the interface characteristics in concrete mixtures [188-192]. Since, decreasing
Ca/Si is attributed to high calcium silicate hydrate (C-S-H) and low calcium hydroxide
(Ca(OHh) and ettringite at the interface [188,193] and C-S-H is the matrix component
that contributes most to interface strength [194], lower Ca/Si usually associated with
better interface [188,190]. Therefore, in the scope of this study, Ca/Si of the analyzed
surfaces were calculated for atomic% ratios (representation given in Figure 3.11 (e)) of
the elements (Ca and Si), and the obtained values were compared to see the change in

fiber matrix interface composition from mixture to mixture.
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Figure 3.11. SEM/ EDX Analysis; (a) SEM image (liilix) and analyzed area, (b)
SEM image (200x) and analyzed area, (c) EDX Spectrum, (d) weight% of elements,

(e) atomic% of elements.
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Elemental analysis technique used in this study (EDX) gives the results by ana-
lyzing the surface up to a limited thickness, which should be taken into account while
evaluating the results. Linke and Schreiner [195] reported that the depth of informa-
tion that could be obtained from the EDX analysis change between 1to 5 gom In
another studies [196,197] the depth is reported as 2 g In another study [198], it was
reported that the depth of analysis for EDX varies between 1 and 10 #n depending on
the accelerating voltage of the electron beam as well as the chemical composition and

morphology of the surface being analyzed.

3.6. Thickness Design

To see the effects of fibers on the thickness requirement of concrete pavements,
a parametric study was carried out by using the material properties obtained from
this study. Soil, traffic, and environment parameters used in all design cases were
given in Table 3.4. The parameters given in Table 3.4 were determined by considering
the typical values given in both American Concrete Pavement Assocoiation (ACPA)
StreetPave [104] software and IRC [84] guide. For the design, major arterial road traffic
spectrum given in ACPA StreetPave [104] design software was considered, and for all
the trucks spacing between the front axle and first rear axle was assumed less than 4.5
m, for top-down cracking analysis. In addition, 5 °C of built-in negative temperature

differential was added for stress analysis for top-down cracking (based on IRC 58 [84]).

IRC [84] design methodology was used to determine the thickness requirement
of pavements. Based on the methodology, first, for the trial thickness, stress analysis
was done for all axle load classes by considering the curling occur in the slab during
the daytime and nighttime, due to temperature differential. Then, allowable axle load
repetition values for calculated stress values were determined and compared with the
expected number of repetitions corresponding to considered axle load, and damage
due to the related axle load is determined as a ratio of the expected number of load

repetition to the allowable number of load repetition.
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Table 3.4. Soil, traffic, and environment parameters.

Parameter Value
Road Type Major Arterial

Design Life (year) 30

Annual Daily Truck Traflic 1000
Annual Growth Rate (%) 2
Traffic in the Dominant Direction (%) 50
Daytime Traffic (%) 50
Nighttime Traffic (%) 50
Temperature Differential (Day) ('C) 10
Temperature Differential (Night) Q) 5
Modulus of (Subgrade + Base) Reaction (MPa/m) 285
Transverse Joint Spacing (m) 4.5
Lane Width (m) 3.5

In the next step, cumulative fatigue damage is calculated as a sum of the damage
from all the axle load classes (based on Miner's hypothesis [199]). According to IRC
(84]) guide, cumulative fatigue damage should be less than 100%; hence, this process

is repeated until achieving this criterion by changing the trial thickness values.

For FRC mixtures, the effective modulus of rupture (MOR) approach explained in
previous studies [93,101] was used. Based on the suggestions, experimentally measured

MOR values were increased for FRC mixtures by
MOR'= MOR x (1 + RIX), (3.1)

where MOR and MOR' show the modulus of rupture and effective modulus of rup-
ture, respectively. In addition, R;sp shows the residual flexural strength (RFS) ratio
corresponding to "L (span length) / 150" mid-span deflection, and it is calculated by
dividing the RFS at "L/150 mm" mid-span deflection to the MOR of concrete (based
on ASTM C1609 [185]).



3.7. Numerical Study

Finite element analysis for the material properties obtained from the experi-
mental study was conducted by using a pavement specific 3D finite element analysis
software, called EverFE (version 2.26) [200]. Increasing effect of temperature gradient
on the stress occurring in the slab is a known fact, and the structural response of the
pavement structure is very much dependent on the thermal expansion coefficient of
concrete, which may change due to the change in the type of aggregates used in con-
crete. Although, effect of temperature on the structural response of concrete pavements
is considered in some of the design guides [83, 84], some other design guides (such as
Portland Cement Association (PCA) design guide [72]) do not consider the effect of
temperature gradient in the stress computation procedure. in the scope of this study,
the effect of temperature gradient was not taken into account, in order to simplify the

modelling and evaluation procedure.

Structural analysis studies were done for jointed plain concrete pavements placed
on a dense liquid with two different reaction moduli, as 100 and 200 MPa/m. A 1
lane pavement with 3 slabs was modelled and plan dimensions of each slab were taken
as 3.6x4.5 m (width x length). For the analysis, required material parameters were

determined as follows.

Modulus of elasticity and density were directly taken as average of the values from
the experimental study. it should be stated that fresh density values of the mixtures
were used in the models. Since, Poisson's ratios of the mixtures were not measured, and
considering that the structural behaviour is not so sensitive to changes in Poisson's ratio
for typical values of 0.20 to 0.25, Poisson's ratio was taken as a constant value of 0.20
in the structural analysis. Joint stiffness for the aggregate mixtures were determined

as [201]

) - 1.17786

—0 01
LTE — ] Xk x 1, (3.2)

0.012

AGG =
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where AGG is joint stiffness, and k& and / are support modulus (MPa/mm) and radius
of relative stiffness (mm), respectively. in addition, L7TE is load transfer efficiency

(%), and determined as [171]

{ [0.3689 + ATS + (L&) X 2.54 X £,
cw

LTE(%) = 39.7 x log " +56,  (33)
where 7'S is top aggregate size (in), LA is Los Angeles abrasion (%) value of aggregates,
W and C are water and cement amount by weight respectively, t.;; and CW represents
effective depth (cm) and crack width (cm) respectively. in addition A7'S is aggregate

top size terms and determined as

ATS = 0.5004 x 7'S - 240162

w
+0.2049 x TS” - e x (0.0540 t+2.2665 x TS). (3.4)

To determine the L7E by using the equation given above; 7S, LA and W/C
values were directly taken from the material parameters used in the study. in order to
determine t.;,, saw-cut depth was assumed as 25% of total slab thickness, and t.;; was
used asa 75% of the total slab thickness. As the last parameter, CW is determined by
considering the possible shrinkage values of the mixtures. in this step, shrinkage value
of control mixture (CStC) is assumed as 300 micro-strain by considering the typical
values given in [202]. Then, by considering The International Union of Laboratories
and Experts in Construction Materials, Systems and Structures (RILEM) [203] rec-
ommendation shrinkage values for RCAC and RBAC are taken as 450 (1.5x300) and
600 (2x300) micro-strain respectively. For the last step, by assuming a homogeneous
disribution of shrinkage strains occurring in the pavement slab, CW is calculated by
multiplying the given strain values and effective slab length, that will contract and
produce the crack (effective length is taken as 4.5 m (2x2.25 m)). it is worth noting
here that the shrinkage values of the concrete mixtures were assumed by considering
the well-known previous works, since they are not measured experimentally. How-
ever, possible deviation from the RILEM [203] recommendation might slightly alter

the numerical outcomes of the study.



42

To investigate the effect of different loading configurations on the structural be-
haviour, the analysis was done for both single and tandem dual wheel axle loads.
Considering the maximum axle load values allowed in Turkey, the load magnitudes for
the single and tandem axles were taken as 100 and 180 kN respectively [204]. For both
of the axle load cases, stress and deflection analysis were done to evaluate fatigue and
faulting performance of the pavement slabs made with different materials. Axle loads
were applied to the center slab (middle of the 3 slabs) on the critical locations defined
in PCA design procedure [72]. Briefly, for the maximum stress analysis (critical for
fatigue failure) either single or tandem axle loads were applied on the middle part of
the center slab, and for the maximum deflection analysis (critical for faulting failure)
the loads were applied near the transverse joints (based on the critical locations de-
fined in PCA design guide [72]). Besides, to obtain the parameters for worst loading
conditions, the loads were placed near the longitudinal joints. Illustrations for all of
the critical loading cases were given in Figure 3.12. It should be noted that the loading
area for each wheel is used as 150x225 mm?, which corresponds to 0.74 MPa and 0.67
MPa pressure, for single axle loading of 100 kN and tandem axle loading of 180 kN,

respectively.

To determine the effect of the use of different mixtures on the maximum stress
and deflection occurring in the pavement slab, the analysis was done for a constant slab
thickness of 15 cm for all the mixtures tested in the scope of this study. Additionally, for
all of the mixtures, pavement thickness values required to resist 1 million repetitions of
maximum single and tandem axle loads were determined for both fatigue and faulting
criteria. it should be noted here that PCA criteria [72] was used for the fatigue and
faulting life determinations, and all of the analysis were done for single and tandem
axle load cases to determine the effect of different loading configurations on the life of
pavements with different concrete mixtures. Details of the followed procedure explained

below.

First, a trial thickness was assumed for the considered mixtures, in order to start

the iterations. Then, for single and tandem axle loading cases, maximum stress and
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deflection values corresponding to the trial thickness value were determined by using
the finite element (EverFE [200]) model. in the third step, the maximum stress and
maximum deflection values were used to calculate the allowable number of axle load
repetitions for both fatigue and faulting criteria of PCA [72], explained in the next
paragraph. As a final step, for all of the design cases (2 failure criteria (fatigue and
faulting), 2 foundation stiffness condition (100 and 200 MPa/m), 2 axle load types
(single and tandem), 5 concrete mixtures (CStC, RCAC, TRCAC, RBAC, TRBAC)
the trial thickness was modified repetitively to determine the required thickness values

to resist 1 million cycle of considered loading case.

For the fatigue failure analysis, in the first step, the stress ratio (SR) was deter-
mined by dividing the maximum stress for the considered axle load type to the flexural
strength of the considered mixture. Then, the allowable number of load repetition was
considered as infinite, if SR is less than 0.45. On the other hand, the number was

determined as

log (NY) = 11.737 - 12.077 x SR, (3.5)

if SR is higher than 0.55. Otherwise (if SR is between 0.45 and 0.55) the number of

load repetition was determined as

4.2577 3268

M= (SR om3)

(3.6)
where SR and M represent stress ratio and number of allowable repetition for fatigue

failure, respectively.

Moreover, for the faulting failure analysis, rate of work (or power) was determined

as [205, 206]

P = 268.7 x

(kt27x (502)
—

(3.7)



where P, k IS and / are power, subgrade stiffness, corner deflection, and thickness of
the slab, respectively. Then, if C; x P > 9, the allowable number of load repetition was

considered as infinite. Otherwise, the allowable repetition was determined as [205-207]:
loglog (Ne) = 14.524 - 6.777 x (C1 x P - 9)0.1%% loglog (Cy), (3.8)

where Pis power (explained above), C, and c2 are adjustment factors, and Ne is the

number of allowable road repetition for the erosion (faulting) failure criteria.
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Figure 3.12. Model layouts and single / tandem axle load positions used in stress and

deflection analysis (units are given in 'cm'): (a) stress analysis for single axle load of

100 kN, (b) deflection analysis for single axle load of 100 kN, (c) stress analysis for

tandem axle load of 180 kN, (d) deflection analysis for tandem axle load of 180 kN.



4. RESULTS AND DISCUSSIONS

4.1. Variation in Concrete Fatigue Tests

4.1.1. Mixtures

Two concrete mixtures with different strengths, were designed for this part of
the study. For both mixtures, cement dosage was fixed to 350 kg/m?; however, water
to cement ratios were used as 0.45 (named as W45) and 0.60 (named as W60). For
both mixtures, amount of SP was adjusted to achieve EN 206 [208] - S2 slump class
(5 - 8 cm slump value). Based on the given design methodology and nomenclature,

ingredients for 1 m* concrete mixtures were given in Table 4.1.

Table 4.1. Mixture ingredients for 1 m> concrete (in kg).

Mixture | Cement | CSt: No 1| CSt: No 2| €S NS | Water | SP

W45 350.0 577.9 480.6 676.2 | 192.6 | 1575 | 2.8

W60 350.0 537.2 446.8 628.6 | 179.1 | 210.0 | 14

4.1.2. Compressive Strength and Modulus of Elasticity

Average, standard deviation (SD) and coefficient of variation (COV), as well
as maximum and minimum values for 28th day compressive strength and modulus of
elasticity test results were presented in Table 4.2. As the table illustrates, by decreasing
W/C ratio from 0.60 to 0.45 average compressive strength value increased from 32.7
MPa to 49.6 MPa, and average modulus of elasticity value were increased from 23.7

MPa to 27.1 MPa.
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Table 4.2. Compressive strength and modulus of elasticity test results.

W60 W45
Parameter
Compressive Modulus of Compressive Modulus of
Strength (MPa) | Elasticity(GPa) | Strength (MPa) | Elasticity (GPa)
Number of Specimens 6 6 6 6
Maximum 33.2 271 53.6 28.1
Minimum 32.0 215 46.5 25.1
Average 32.7 23.7 49.6 27.1
SD 0.5 1.9 3.1 11
COV (%) 15 8.1 6.2 42

4.1.3. Quasi-Static Flexure and Double-Punch Test Results

In this part, quasi-static flexure and double-punch test results were presented,

and the results were compared in terms of their variations. For the comparison, first

suitability of normal distribution (commonly used to evaluate concrete strength test

results) assumption to the obtained results were checked by considering the median,

skewness and kurtosis values, as well as 'Shapiro-Wilk significance's. The calculations

were carried out by using SPSS software [209], and the results were presented in Table

4.3. To evaluate the validity of the normal distribution, the calculated values were

compared with the criteria given in the literature [210-212]. The criteria used for the

evaluation are:

o Median and average values of the results should be reasonably close.

o Skewness values should be between +1 and -1.

o Kurtosis values should be between +2 and -2.

« 'Shapiro-Wilk significance' value should be more than 0.05 (for '95% confidence

level').

When the values given in Table 4.3 compared with the given criteria, it was seen

that the results obtained for all the test cases satisfies the requirements for normal dis-

tribution. Thus, SD and COV values were calculated by assuming normal distribution,



48

and they were presented in Table 4.4, together with the maximum and minimum test
results obtained and number of specimens tested. Based on Table 4.4, considerably
lower COV values were obtained for DPT (2.1 % and 1.7 % for W60 and W45, respec-
tively) compared to 4PBT (4.1 % and 6.5 % for W60 and W45, respectively), which
validates the reports of the previous studies [61,69, 70].

Table 4.3. Normality check for quasi-static flexure and double-punch tests.

Test Concrete | Number of | Average | Median Shapiro - Wilk
Skewness | Kurtosis
Configuration Type Specimens (kN) kN) Sig. Null Hypothesis
4PBT W60 2 18.0 18.1 0.136 -0.922 0.832 Accept
DPT W60 2 1153 1151 0.248 -1.207 0.612 Accept
4PBT W45 6 222 224 -0.197 -0.692 0911 Accept
DPT W45 6 1515 152.0 -0.833 0.490 0.726 Accept

Table 4.4. Statistical values for quasi-static test results.

Test Concrete | Number of | Max | Min | Average | SD | COV
Configuration Type Specimens | (kN) | (kN) (kN) &KN) | (%)
4PBT W60 12 19.2 16.8 18.0 0.73 41
DPT W60 12 119.2 | 112.1 115.3 2.38 21
4PBT W45 6 24.1 20.2 222 1.43 6.5
DPT W45 6 154.5 | 147.2 151.5 2.58 1.7

4.1.4. Cyclic Flexure and Double-Punch Test Results

In this part, cyclic test results are presented, and a variety of statistical analyses
were done to evaluate the obtained results. Based on the results of the tests and
analyses several discussions were provided. Since the variations of the test results is
the main interest of the study, presented results were especially examined in terms of
their variations and the obtained values were compared with the literature to check

the validity of the obtained / calculated results.
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Cycle numbers for the failure under cyclic bending (4PBT) and double-punch
(DPT) tests were given in Table 4.5 from smaller to larger eyde numbers. in the
table, "*' shows the value considered as outlier (based on Chauvenet's criterion [213]),
and not included in the analyses. In addition, "**' shows the value not included in
the analyses due to a visible defect (an alignment problem caused by the used mold)
on the specimen. As given in the table, 10 specimens were tested for each of the
test cases. For the statistical analyses, first, test results for all loading configurations,
maximum stress levels and concrete types were checked against normality, and results
were given in Table 4.6, where bold values shows the results that might be attributed
to deviation from normality. SPSS software [209] were used for the calculations, and
the calculated values were compared with the criteria given in the previous section.
Results showed that almost all of the results satisfies the requirements for normal
distribution. However, some of the values were found really close to the boundaries
that are considered as normality criteria. Therefore, it was concluded that the use
of an alternative distribution function might be considered especially for some of the

cases.

Table 4.5. Number of cycles for failure under cyclic 4PBT and DPT.

Test Configuration 4PBT DPT

Concrete Type W60 W45 We6o W45

Maximum SR

(applied max stress/strength)

Minimum SR

(applied min stress/strength)

1 1637 17835 1551 T6x* 293 9123 403 2446
1798 18849 | 2042 1569 397 9216 449 2589
2252 21100 2452 9706 437 9615 530 36014
2253 | 25471 3395 19803 | 452 10471 582 4117
3631 25743 | 8010 | 26498 515 11095 813 4197
4126 47361 9295 38987 544 11217 1161 7229
8430 47792 9792 46955 696 15122 1370 8442
9352 50615 | 10618 | 51321 | 1027 | 17616 1427 8585
13073 | 65113 | 12650 | 52648 | 1103 | 19981 1439 11854
16195 | 86407 | 12967 | 66751 | 1184 | 23873 | 2379* | 12150

Ol 9]l U] & Wl DN
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Table 4.6. Normality check for cyclic flexure and double-punch tests.

Test Concrete | Maximum ) ) Shapiro - Wilk
Configuration Type Stress Average | Median | Skewness | Kurtosis . Nall -
Ratio (%) S Hypothesis
4PBT W60 85 6275 3879 0.964 -0.372 0.050 Accept
4PBT W60 75 40629 36552 0.878 0.350 0.136 Accept
4PBT W45 85 7277 8653 0.154 -1.850 0.119 Accept
4PBT W45 75 34915 38987 -0.203 -1.118 0.813 Accept
DPT W60 85 666 530 0.720 -1.195 0.089 Accept
DPT W60 75 13733 11156 1.019 0.188 0.053 Accept
DPT W45 85 908 813 0.166 -2.133 0.074 Accept
DPT W45 75 6522 5713 0.473 1.293 0.160 Accept

Despite the doubt for some of the cases by means of normality, since most of the
results do not significantly deviates from normality, statistical values for cyclic tests first
calculated assuming normal distribution and given in Table 4.7 (to see and compare the
results). Based on the last column of the table (COV %) comparatively lower variations
were found for cyclic DPT (between 37.7 - 56.0 %) compared to 4PBT (between 56.4
- 83.0 %) for the tested concrete series and maximum stress ratios. Additionally, when
average eyde numbers given for W45 and W60 are compared for all for DPT and
4PBT, it was seen that the values were found closer for 4PBT compared to DPT (both

for 85% and 75% maximum stress ratio cases).

Table 4.7. Statistical values for cyclic test results (assuming normal distribution).

Test Concrete Maximum Number of Max Min Average D cov
Configuration Type Stress Ratio (%) | Specimens (%)
4PBT W60 85 10 16195 1637 6275 5210 83.0
4PBT W60 75 10 86407 | 17835 40629 22896 56.4
4PBT W45 85 10 12967 1551 7277 4495 61.8
4PBT W45 75 9 66751 1569 34915 21810 62.5
DPT W60 85 10 1184 293 666 323 48.5
DPT W60 75 10 23873 9123 13733 5179 37.7
DPT W45 85 9 1439 403 908 441 48.5
DPT W45 75 10 12150 2446 6522 3656 56.0

To compare the significance of the difference between the performances, t-tests

were carried out, and the resulting p-values are presented in Table 4.8. it is worth
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noting here that the p-values (calculated for t-tests) given in the table show the signif-
icance of the difference in average values, and it is calculated by considering average
and standard deviation of the compared <lata series (decreasing p-value indicates the
higher statistical difference between the <lata series). When the results (p-values) are
examined, statistical difference between the means was obtained for only one of the
comparison cases (W45 - DPT - 75 and W60 - DPT - 75), for 95% confidence level
(a = 0.05). Since the mean value for W60 is higher than W45 for 75% maximum
stress ratio, it can be said that the W60 (low strength) perform better under the cyclic
loading with this magnitude (75% of strength) compared to W45 (high strength). For
the other 3 comparison cases no statistical difference was obtained, which is the com-
bined result of close mean values and large variations (that make hard to differentiate
the means for t-test). It should be noted here that better cyclic loading performance

(in terms of cyclic load resistance for similar stress ratios) for lower strength concrete

mixtures were reported also in the previous studies [47,214].

Table 4.8. T-test p-values for the comparison cases.

Case

W60 - 4PBT - &

W60 - 4PBT - 75

W60 - DPT - &

W60 - DPT - 5

W45 - 4PBT - &

0.651

W45- 4PBT - 5

0.586

W45 - DPT- &

0.184

W45 - DPT- 7

0.002

Another thing that can be seen from the Table 4.7 is that the resulting average
values were found considerably lower for DPT compared to 4PBT, for all the cases.
This result might be attributed to the difference between the cracking mechanisms of
these two tests. Galeote et al. [215] stated that the crack height increases progressively
in bending test during the cracking, but the cracks occur abruptly in DPT (associated

with the stress distribution in the DPT and bending test specimens during the loading).

To further explain the difference between the cracking mechanisms of these two

cyclic tests (DPT and 4PBT), cyclic creep curves (eyde number vs peak loading head
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displacement corresponding to related cycle number) obtained from the experiments
were also examined in this part. Degradation of concrete under cyclic loading usually
divided into three distinct stages; as crack initiation, micro-cracking (slow propagation
of flaws in concrete up to a critical size), and unstable crack propagation (occurs after
the flaws in concrete reach to a critical level), respectively [49]. The mentioned 3
stages of fatigue degradation were illustrated in Figure 4.1 considering one of the cyclic
creep curves obtained experimentally. Moreover, cyclic creep curves for the fatigue
experiments carried out in this study were presented in Figure 4.2 (curves for '4PBT /
W60- 75%- failure cycles: 21100, 47792, 50615, 65113 and 4PBT / W45- 75% - failure
cycle: 51321" were not given due to a problem occurred in the data acquisition process).
It should be noted here that while preparing the curves, loading head displacement
values corresponding to minimum stress of first cycle were considered as base point
(taken as 'O’), to normalize the displacement values (in order to eliminate the effect of
assigned zero point in the beginning of data acquisition process). Based on Figure 4.1,
for almost all the examined cases, while 3rd stage of fatigue degradation clearly seen
for cyclic 4PBTs, the stage was not seen for cyclic DPTs. In another words, the fatigue
failure occurs in 2 and 3 visible stages for cyclic DPT and 4PBT, respectively. The
appearance of 3rd stage might be associated with the crack compensation capability
of test specimens under the applied loading, since the visibility of this phase means
that the test specimen can carry certain number of cyclic loads of same magnitudes
even after some of the cracks reach their critical level. Observed difference might
be attributed to stress states of failure surfaces for the tests. Since the stress gradient
formed for 4PBT in the cracking surface allowing the tensile stresses to be redistributed,
but almost all parts of the cracking surfaces are under similar stress level for DPT [215].
On the other hand, for W60 mixture and 0.75 maximum stress level (the case that the
largest number of cycles were obtained) case limited number of data was observed in
the 3rd stage under cyclic DPT, which shows the dependence of obtained behaviors
to the type of concrete mixture tested and applied stress level, in addition to testing

configuration.
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Figure 4.1. Stages of fatigue failure (test case: 4PBT - W45 - 0.85 / number of
cycles to failure=66751).

As stated above, results for some of the examined cases deviates from normality
in various amounts. Therefore, as an alternative distribution function 2-parameter
Weibull distribution (which is mostly used to evaluate fatigue test results) is also
considered in this study. The two parameters used to define Weibull distribution
are scale parameter (a) and shape parameter (/3), and they are determined by using
graphical method [216,217]. a and /3, as well as correlation coefficient (R?) values
for Weibull distribution analyses were given in Table 4.9. It should be emphasized
here that the Weibull (scale (a) and shape (/3)) parameters were determined by doing
regression analyses in the graphical method (used in this study), and 'R?' values given

in the table shows the correlation coefficients for the regression analyses.

Table 4.9. Weibull distribution check and Weibull parameters.

Test Concrete Stress Shape Scale Kolmogorov - Smirnov Test [ COV
Configuration Type Ratio (%) e Factor | Factor . De Null - (%)
(5) @ Hypothesis
4PBT W60 8 0.89 1.10 7120 0.178 | 0.409 Accept 90.9
4PBT W60 75 0.89 1.69 47300 | 0.199 | 0.409 Accept 60.9
4PBT W45 & 091 1.16 8654 | 0.202 | 0.409 Accept 86.1
4PBT W45 75 0.88 0.78 45004 | 0.257 | 0.430 Accept 129.6
DPT W60 & 091 2.01 767 0.206 | 0.409 Accept 52.1
DPT W60 75 0.82 2.59 15689 | 0.258 | 0.409 Accept 41.4
DPT W45 8 091 1.80 1063 0.178 | 0.430 Accept 57.5
DPT W45 75 0.93 161 7604 | 0.181 [ 0.409 Accept 63.6
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Figure 4.2. Cyclic creep curves; (a)DPT - W45 - 0.75, (b) 4PBT - W45 - 0.75, (c)

DPT - W45 - 0.85, (d) 4PBT - W45 - 0.85, (e) DPT - W60 - 0.75, (f) 4PBT - W60
- 0.75, (g) DPT - W60 - 0.85, (h) 4PBT - W60 - 0.85.

High correlation coefficient (R?) value ('R*' close to 1.0) is one of the indicators
that shows whether Weibull distribution represents the distribution of results or not
(63,66,217]. Since all the R? values given in Table 4.9 reasonably close to 1.0 (all the
values are above 80%), it might be said that the Weibull distribution fits well to the test
results. Additionally, Kolmogorov - Smirnov test [218] [219,219] which is mostly used
to check the validity of Weibull distribution, is also carried out for the results. Since the
calculated D values (D1) are found (considerably) lower than the critical values (De),
null-hypothesis of Kolmogorov - Smirnov test that says the assumed distribution is
suitable for the test results was accepted for all cases (both 'D;' and 'De’ values were
determined according to Kennedy and Neville [218]. It should be noted here that the

'De’ values (given in Table 4.9) were specified for 5% significance level.
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After checking the validity of Weibull distribution, COV values were calculated
for all the cases from [63, 66]

. rG+D
v \r(+D

CoV = (4.1)
where u, g, I, and /3represents standard deviation, mean, gamina function, and shape
parameter (one of the Weibull parameters), respectively. As the formula illustrates
the COV value only depends on the shape parameter (/3), and COV decreases with an

increase in B

Calculated COV values were also given in Table 4.9. Based on the given values,
considerably lower variations found for DPT (between 41.4 - 63.6 %) compared to

4PBT (between 60.9 - 129.6 %).

After determination of Weibull distribution parameters, Wohler curves are pre-
pared for different reliability levels (from 10% to 90%) and given for 4PBT and DPT
in Figure 4.3 and Figure 4.4, respectively. Based on the figures, lines that shows the
numbers corresponding to different reliability levels were found closer for DPT com-
pared to 4PBT, which is an indication of the small change in the number of cycles for
increasing or decreasing level of reliability. In another words, to increase the reliability
level (decrease failure probability) the number of allowable load repetition should be
reduced more for 4PBT. The result might be attributed to the lower COV values found
for DPT compared to 4PBT. To illustrate the point, ratio of number of cycles for 50%
and 90% reliability levels are calculated for all the test cases and a scatter graph was
drawn to determine the relationship between the calculated values and COV (%). The
graph was given in Figure 4.5, together with the regression curve and its equation and
correlation coefficient (R?). It can be seen from the figure that the calculated value is
increasing with an increase in COV% with a strong correlation (very high correlation

coefficient (R?)).
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Figure 4.5. Correlation between COV (%) and number of failure cycles for 50% /
90% reliability.

Wéhler curves that correspond to '50% survival probability’ were given in Figure
4.6 for all the examined cases. Based on the figure, as in normal distribution mean
comparison case, considerably lower cycle numbers were obtained for DPT compared
to 4PBT, which was attributed to the difference between the cracking mechanisms (or
stress distributions) of these two tests. Determination of the relationship between the
number of failure cycles between these two tests might be required for some design
applications. For example, since pavement structures exposed to flexural loadings due

to the vehicle loads applied, flexural fatigue tests are done to determine the fatigue
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(Wohler / S - N) curves used in design. For the results of the current study, relationship
between the failure number of cycles of DPT and 4PBT was given in Figure 4.7, for
50% reliability (survival probability). A linear regression analysis was also done to
provide an estimating equation, and the equation was given in the figure together with
its correlation coefficient (R?). it is worth noting here that the equation was provided
by considering only 4 cases (two concrete types (W45 and W60) and two maximum
stress levels (75% and 85%)) that were examined in this study, which might alter for
other stress ratios and material combinations. However, if the use of DPT for fatigue
performance evaluation increases, more reliable relationships could be constructed.
Thus, further studies are required to better evaluate the suitability of DPT for fatigue

performance evaluation.

4PBT-W60
--4PBT-W45

= 33 (SR) (%)

—+-DPT-W60
-DPT-W45
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Number of Cycle (N)

Figure 4.6. Failure cycles for 50% survival probability (assuming Weibull

distribution).
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Figure 4.7. Relationship between the failure numbers for cyclic DPT and 4PBT (for
50% reliability / survival probability).
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Moreover, variations found in the scope of the current study were compared with
the variations of reported in literature for flexural fatigue tests. Details for the testing
methodologies followed in the considered studies were presented in Table 4.10, and
the calculated variations were in Figure 4.8, together with the variations obtained in
this study. It should be noted here that all the COV values given in the figure were
calculated assuming the Weibull distribution. Before the COV calculations the results
were checked against Weibull distribution in terms of 'R? and Kolmogorov - Smirnov
test. For the distribution check, all the 'R* values were found above '0.8' and 'D'

values were found below the critical values.

According to Figure 4.8, the calculated variations for DPT found closer to lower
bound of variations reported in the literature for cyclic bending tests. Besides, for all
the studies considered, higher variations were found for considerable number of cases
studied than the largest COV obtained for DPT (63.6%). It was also seen that the
range of variations obtained for DPT were closer to each other than not only 4PBT
but also flexural fatigue tests in the considered literature studies. Therefore, it can
be concluded that the desirable variations were obtained for cyclic DPT, compared
to cyclic flexural fatigue tests conducted in this study and literature. Furthermore,
though the variations found considerably higher for 4PBT compared to DPT, they

were found within the range reported in the literature (for cyclic bending tests).

Table 4.10. Test details for considered literature studies and the current study.

Loading
Specimen | Specimen Test Max Aggregate
Study Frequency
Type Size (cm) Configuration Size (mm)
(Hz)

Current Cylinder 15x15 10 DPT 240
Current Beam 10x10x35 10 4PBT 24.0
Harwalkar & Avanti [220] Beam 7.5x10x50 4 4PBT 20.0
Zhu et al. [64] Beam 10x10x40 5 4PBT 10.0
Arora & Singh (6] Beam 10x10x50 10 4PBT 125
Harwalkar & Avanti [64] Beam 7.5x10x50 4 4PBT 20.0
Mohammadi & Kaushik [63] Beam 10x10x50 20 3PBT 20.0
Singh & Kaushik [65] Beam 10x10x50 2 4PBT 20.0
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Figure 4.8. Comparison of calculated variations with literature.

4.2. Effects of Stress Reversal on Flexural Fatigue Life
4.2.1. Mixtures

A concrete mixture with a cement dosage of 350 kg/m3, and water to cement
ratio of 0.60 was used for the evaluation of the effects of stress reversal on the flexural
fatigue performance of concrete. EN 206 [208] - 82 slump class (5-8 cm) was selected
as aimed consistency for the concrete and a modified polycarboxylate based SP was
used to achieve the aimed consistency. Mixture proportions of ingredients determined

according to given explanations were presented in Table 4.11.

Table 4.11. Weight of ingredients for 1 m3 concrete mixture.

Ingredients Weight (kg/m3)
Cement 350.0
Crushed Stone - No 1 5779
Crushed Stone - No 2 480.6
Crushed Sand 676.2
Natural Sand 1926
Water 1575
SP 28
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4.2.2. Quasi-Static Tests

For modulus of elasticity, compressive strength and flexural strength tests average
of test results were given together with minimum, maximum, and standard deviation
values in Table 4.12. As mentioned previously, all the tests were carried out for 6

specimens, and the results were given for them.

Table 4.12. Quasi-static test results.

Standard
Test Average Minimum | Maximum
Deviation
Modulus of Elasticity (GPa) 27.1 11 25.1 28.1
Compressive Strength (MPa) 49.6 31 46.5 53.6
Flexural Strength (MPa) 6.7 0.4 6.1 72

4.2.3. Cyclic Tests in One-Way

Number of cycles for failure under one-way cyclic loading, as well as average
number of cycles, and coefficient of variation (COV) values were given in Table 4.13,
where "*' shows the value considered as outlier according to Chauvenet's criterion [213]
and not included in the analyses. In addition, it should be noted here that the average
and COV % values were calculated by assuming normal distribution. Une of the thing
that can be seen from the table is that the number of cycles that can be resisted is
much higher for 75% (5 times) maximum stress level, compared to 85%. It can be
also seen from the table that 10 specimens were tested under cyclic loading, and the
results are distributed in a large range, and high COV% values were found as a result.
As in the current study, fatigue test results usually involve a large scatter [49, 59], and

various statistical approaches are used to deal with this variation. Among them, use

of Weibull probability distribution function is the most common one.
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Table 4.13. Number of failure cycles far one-way loading.

Max Stress Ratio (%) 85 75

1 1551 T6 *
2 2042 1569
3 2452 9706
4 3395 | 19803
5 8010 | 26498
6 9295 | 38987
7 9792 | 46955
8 | 10618 | 51321
9 | 12650 | 52648
10 | 12967 | 66751
Average 7277 | 34915
COV (%) 61.8 | 62.5

Specimen Number

For the results given in Table 4.13, 2-parameter (scale (0;) and shape (/3) parame-
ters) Weibull distribution analyses were done far both maximum stress levels (85% and
75%). To determine the parameters of Weibull distribution, graphical method [216,217]
was used. According to the method, 2 parameters of Weibull distribution function are
faund by doing regression analysis, and correlation coefficient (R*) of conducted regres-
sion analysis is one of the measures that shows the suitability of 2-parameter Weibull
distribution to the analyzed <lata set. Basically, high R? values (close to 1.00) shows
that the used distribution fits well to the analyzed <lata [63, 66,217]. Moreover, in
this study, suitability of Weibull distribution to the <lata set was alsa checked with a

commonly applied method called Kolmogorov-Smirnov test [218].

For both maximum stress levels, scale (0) and shape (/3) parameters faund by
using graphical method were presented in Table 4.14, together with the correlation
coefficients and Kolmogorov - Smirnov test results. As it can be seen from the table,
since calculated D values (D1) were faund lower than the critical D values (D.) (taken

from Kennedy and Neville [218], considering 5% significance level and number of spec-
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imens), null-hypothesis of Kolmogorov-Smirnov test that says the analyzed data set

tits well to Weibull distribution was accepted for both analyzed cases.

Table 4.14. Weibull distribution analysis results for one-way cyclic loading.

Maximum Stress | Number of Shape | Scale | Kolmogorov - Smirnov Test
R2
Ratio (%) Specimens Factor | Factor Null -
D1 De
©) €)) Hypothesis
85 10 0.91 1.16 8654 0.202 | 0.409 Accept
75 9 0.88 0.78 45004 | 0.257 | 0.430 Accept

By using the scale (a) and shape (/3) parameters determined by graphical method,
and given in Table 4.14, Wohler (Stress Ratio (S) - Number of Cycles (N)) curves for
10 - 30 - 50 - 70 - 90 % reliability (1 - 'failure probability’) levels were calculated for

both (75% and 85%) maximum stress levels and given in Figure 4.9.
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Figure 4.9. One-way cyclic loading Wohler curves for different reliability (1 - 'failure

probability’) levels.

From the Wohler curves given in Figure 4.9 (prepared by assuming Weibull dis-
tribution), cycle numbers for 30% failure probability (70% reliability) level were found
as '3571" and '11996' for 85% and 75% maximum stress ratios, respectively. This values
were used for the first part of the two-way cyclic loading. Details were provided in the

following section.
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4.2.4. Cyclic Tests in Two-Way

For this part, eyde numbers eorresponding to 30% failure probability ('3571" and
'11996' for 85% and 75% maximum stress levels, respeetively) were used to apply eydie
loading in the first direetion, means that approximately 30% of the speeimens will fail
during these loadings if the fitted distribution works. For the seeond part of the tests,
survived speeimens were rotated 180" around their eenterlines, and the speeimens were
loaded repetitively, under the same load magnitudes used in first part. To elaborate,
a speeimen was first exposed to eydie loading with 85% (or 75%) maximum and 10%
minimum stress levels in one direetion up to a eyde eorresponding to 30% failure
probability, then if the speeimen still alive it was rotated 180  around its eenterline
and loaded eydieally until the failure with a magnitude same with applied in first part
(85% or 75% maximum and 10% minimum stress level). Number of eydes eaused to

failure were reeorded at the end of the tests.

For both 85% and 75% maximum stress levels 22 beam speeimens were tested in
this part. For the speeimens survived in the first part of the loading, number of eydes
for failure were given in Table 4.15, together with the average and COV% values.
Speeimens failed in the first part of the loading were also presented in Table 4.15,
together with the ratio of them to the total number of speeimens tested for relevant
ease (22 speeimens were tested for both 85% and 75% maximum stress level). In Table
4.15 '-' shows the speeimens failed in the first part (loading up to the eyde number
eorresponding to 30% probability of failure) of the loading. In the table the average

and COV % values were ealeulated by assuming normal distribution.

As mentioned before, '3571"' and '11996' eydes were applied in the first part of the
loading whieh eorresponds to eyde numbers for 30% probability of failure under 85%
and 75% maximum stress levels, respeetively. As the table shows, the values (27.3%
and 31.8%) were found fairly dose to 30% whieh might be attributed to suitability of

fitted distributions to the dealt data sets.



Table 4.15. Number of failure cycles far two-way loading.

Specimen Maximum Stress Level
Number 85% 75%
1 936 3010
2 992 3982
3 1185 5620
4 1474 5708
5 1477 6418
6 1923 7976
7 2479 8200
8 3556 14116
9 3980 18979
10 4696 20060
1 5191 20797
12 5652 39800
13 9519 57984
14 12221 66049
15 13074 70310
16 13444 -
17 - -
18 - -
19 - -
20 - -
21 - -
22 - -
Average 5112 23267
COV (%) 87.5 101.4
Ratio of Failed 7.3 3.8
Specimens to Total Specimens Tested (%)

When the average cycle numbers obtained far one way (Table 4.13) and two-
way (Table 4.15) cyclic loading were compared average cycle numbers were faund to
decrease from '7277' and '34915' to '5112' and '23267' which corresponds to '29.8%'
and '33.4%' far 85% and 75% maximum stress levels, respectively. Moreover, When
the COV% values faund far one-way (Table 4.13) and two-way (Table 4.15) were com-
pared, considerably higher variations were faund far two-way loading (COV% increased
from 61.8% and 62.5% to 87.5% and 101.4% far 85% and 75% maximum stress lev-
els, respectively). Effect of cyclic loadings applied in the opposite direction might be
the source of increased variation; however, further studies are required to validate this

hypothesis, since it was given by considering limited number of cases.
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For the test results obtained under two-way cyclic loading Weibull distribution
analyses were also conducted and the results were presented in Table 6. As in one-way
case, graphical method was used to determine the shape (a) and scale (/3) parameters
of Weibull distribution function, and Kolmogorov-Smirnov test was also done for the
<lata sets to check the validity of used distribution. According to Kolmogorov-Smirnov
test results, null hypothesis of the test that says the Weibull distribution fits the <lata
was accepted for both 85% and 75% maximum stress levels, since calculated D values
(D1) were found lower than the critical values (De)- Additionally, R? values obtained
for regression analyses (done for graphical method to obtain Weibull parameters) were
found fairly close to '1.00" which is an another indication of suitability of Weibull

distribution, as explained before.

Table 4.16. Weibull distribution analysis results for two-way cyclic loading.

Maximum Number of Shape | Scale Kolmogorov - Smirnov Test
Stress Ratio (%) | Specimens e Factor | Factor | D1 De | Null - Hypothesis
85 16 0.92 1.09 5568 0.112 | 0.327 Accept
75 15 091 0.96 24169 | 0.169 | 0.337 Accept

By using the shape and scale parameters of Weibull distribution obtained for two-
way cyclic loading, Wohler (S-N) curves for different reliability levels were produced
and presented in Figure 4.10. To compare the curves with the ones obtained for one-
way loading, Wohler curves for one-way loading were also presented in the figure for

the same reliability levels.

Figure 4.10 shows that for all the reliability levels lower cycle numbers were
obtained for two-way loading compared to one-way loading, which shows the reduction
in the number of cycles that could be resisted due to the cyclic loading applied in the

opposite direction (first part of the two-way cyclic tests).
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Figure 4.10. Wohler curves for one-way and two-way cyclic loading corresponding to

different reliability (1 - 'failure probability’) levels.

4.2.5. Evaluation of Test Results in terms of Pavement Structural Design

For the design of concrete pavements various reliability levels are used by different
design guides, and importance of designed road is one of the main criteria considered in
the selection of reliability level. To illustrate, AASHTO ( [73] design guide recommends
85% - 99% reliability level for interstate roads, but it is decreased to 50% - 80% for
local roads (both values given for 'urban road' case). in this part, based on the Wohler
curves obtained in this study, approaches given in different concrete pavement design

were evaluated for 50% reliability level.

As explained above, for two-way fatigue tests, number of cycles corresponding to
30% probability of failure ('3571" and '11996' cycles for 85% and 75% maximum stress
ratios, respectively) were applied to the specimens in the first way, then the specimens
were loaded in the opposite direction until the failure. in this part, to consider similar
scenario, it was assumed that eyde numbers corresponding to 30% failure probability
were applied to the pavement slab in 1 direction. Then, number of cycles that are
allowed in different design codes [73, 82, 84] in the opposite direction were calculated
for various reliability levels (50%, 30%, and 10%) and given in Table 4.17 (for both

85% and 75% stress ratios), together with the one obtained experimentally (based on
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the two-way cyclic loading test results) in the current study, where bold values indicate
the unsafe allowable numbers (the number of allowable cycles calculated according to
relevant design code higher than the allowable number of cycles calculated based on the
two-way cyclic test results) given by the design codes. it is worth noting here that to
determine the allowable number of load repetitions for all cases, Wohler curves obtained
in this study were used, instead of design curves given in the relevant design guide. On
the other hand, number of allowable cycles on the opposite directions were calculated
by using approach suggested in the design guide and given together with the allowable
number of load repetitions calculated experimentally (from two-way cyclic loading).
Additionally, number of cycles allowed and applied in one direction corresponding to
cycle numbers calculated based on one-way cyclic loading results, and cycle numbers
corresponding to 30% probability of failure for the given stress ratio (values were used
for the first part of two-way cyclic loading). Number of allowed cycles in the opposite
direction for current study, IRC 58 [82] AASHTO MEPDG [83], and IRC 58 [82] were
calculated based on the second part of two-way cyclic loading, approaches given in IRC

58 [82] AASHTO MEPDG ([83], and IRC 58 [84], respectively.

According to Table 4.17, both safe and unsafe number of allowed cycles in the
opposite direction (compared to ones obtained experimentally) were found based on the
approaches given in considered concrete pavement design guides. Since cyclic loading
capacity in one direction were found to decrease due to the cyclic loads applied in
the opposite direction in this study, the approaches given in old IRC guide [82] and
AASHTO guide [8] (which neglect the reducing effect of the cyclic loading applied in
the other direction) were found on the unsafe side for all the reliability cases considered.
On the other hand, safe and unsafe cycle numbers were calculated for the latest version
of IRC guide [84] for different reliability and stress ratio cases. in addition, since the
same number of load repetitions were assumed to be applied in the first direction (to
produce similar scenario applied experimentally) fatigue damages caused by the cyclic
loads applied in the first direction (number of loads applied in the first direction /
number of cycles allowed in one direction) was found higher for higher reliability levels,

where the number of allowable load repetitions are lower.
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Table 4.17. Number of applied and allowable cycles for pavement design.

Reliability Level (%) 59} D 0
Stress Ratio (%) & B & ) 25) B

Number of Cycles Allowed
in tine Direction (NI) (calculated for 6317 28126 10149 57101 17711 131162

one-way loading assuming Weibull distribution)

Number of Cycles Applied
in tne Direction (N2) (applied in 3571 11996 3571 11996 3571 11996

first direction for two-way loading)

Fatigue Damage (%) Caused by
the Cycles Applied in the First Direction 56.5 427 352 210 202 a1
(Fatigue Damage (%) = (N2) / (NI) x 100)

Current Study
(calculated for two-way loading | 3978 16499 6602 29425 11968 57619

assuming Weibull Distribution)

Number of Allowed IRC 8 [B2] & AASHTU
Cycles in the MEPDG [83] 6317 28126 10149 57101 17711 131162
Upposite Direction (Cycle Number = (NI))
IRC 38 [&4]

2746 16130 6578 45105 | 14140 | 119166
(Cycle Number = (NI) - (N2))

Moreover, when the number of allowable load repetitions on the opposite direction
were compared for IRC 58 [84] and current study, IRC 58 was found on the safe side for
higher reliability levels (lower allowable load cycles), but on the unsafe side for lower
reliability levels (higher allowable load cycles). In another words, for lower reliability
levels (higher allowable cycle numbers) approach suggested in IRC 58 [84] was found
not capable to demonstrate the fatigue life degradation due to cyclic loadings applied

in opposite direction.

The outcome given above might be explained with the problem related to the
linear damage assumption proposed by IRC 58 [84]. As IRC 58 [84] assumes that the
cyclic loading applied in one direction affect the cyclic loading capacity in the opposite
direction in simple linear proportion, which might not be the case in real. Examination
of cyclic creep curve (the curve that shows the relationship between the cycle numbers
and peak displacement in the relevant cycles) is a reliable way to visualize the damage
accumulation under cyclic loading. Therefore, cyclic creep curve obtained for one of

the specimens (failed in 38987 cycles under one-way loading and 0.75 stress ratio) was
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given in Figure 4.11, and phases of fatigue damage propagation were represented on
the figure. The 3 phases illustrated in the figure are termed as crack initiation, micro-
cracking, and unstable crack propagation, respectively [49]. Since the fatigue failure
occur after reaching a level of displacement, slope of the cyclic creep curve might be
associated with the damage propagation rate. Based on these issues Figure 4.11 shows
that the damage propagation is fast in the beginning of the loading cycles and its rate
is decreasing gradually. After a point (starting of micro-cracking phase) the rate of
deterioration becomes stable and goes up to a critical point (starting of unstable crack
propagation). in the last part, crack propagation rate dramatically increases, and the
specimen fails after the application of a few loading cycles. Therefore, the cyclic load
applied in the crack initiation phase can be considered as more damaging compared to

the cycles applied in micro-cracking phase.

Based on the explanations given above, it might be hypothesized that the IRC
58 [84] approach is not able to predict the real response, as it does not take into
account the non-linear deterioration rate of concrete under the application of cyclic
loading. Thus, for the fatigue design of concrete pavements new approaches are needed
to better represent the effect of cyclic loading applied in one direction on the fatigue

performance of concrete in the other direction.
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Figure 4.11. Cyclic creep curve (for the specimen that was failed in 38987 cycles
under one-way loading and 0.75 stress ratio) (‘peak displacement’ given in 'y axes'

represents the maximum displacement values obtained for each cycle).
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In the end, it is worth noting here that the given discussions depend on the results
of this study, which are obtained by using one type of concrete and two maximum
stress levels. Since the results might change for different concrete types and stress
levels, further studies are required to ensure about their validity for another design

cases (different concrete mixtures and stress levels).

4.3. Effectiveness of Fibers in Concrete Pavement Mixtures

4.3.1. Mixtures

To investigate the effectiveness of fibers in different concrete pavement mixtures, 3
different concrete matrices were designed in this study, a normal strength conventional
concrete (NSC), a high strength conventional concrete (HSC), anda roller compacted
concrete (RCC). To achieve the aims of the study, explained in the research significance
part, 3 plain and 14 fiber reinforced concrete (FRC) mixtures were designed, as given
in Table 4.18. In the given table, conventional concrete series were named as "strength
level (HSC / NSC) - the type of fiber - amount of fiber (%vol.)" and roller compacted
concrete series were named as "RCC - the type of fiber - amount of fiber (%vol.)".
Besides, the numbers show the amount of fibers used in the mixture, in terms of
volume percentage (% vol.). For the type of reinforcement, plain (concrete without
reinforcement) mixtures were named as "P", and polypropylene and steel fibers were
named as "PPF" and "SF", respectively. As it can be seen from the table, to examine
the efficiency of fibers in different concrete mixtures, for all 3 concrete types, mixtures
with 0.50 % vol. fibers were designed. On the other hand, different fiber dosages were
considered for normal and high strength conventional concrete mixtures, to see the

effect of different fiber dosages on the performance of concrete pavement mixtures.

For all the mixtures amount of ingredients, and mixture proportions for 1 m?
concrete mixtures were given in Table 4.19 and Table 4.20, respectively. It should
be noted here that 'Water / Cement (%)' and 'SP’ given as 'Varying' in Table 4.19

adjusted to achieve maximum dry density and aimed consistency.



Table 4.18. Concrete mixtures for fibers in concrete pavement mixtures.

Normal Strength Concrete

(NSC)

High Strength Concrete

(HSC)

Roller Compacted Concrete

(RCC)

NSC-P

HSC-P

RCC-P

NSC - PPF - 025

HSC - PPF - 025

RCC - PPF - 050

NSC - PPF - 050

HSC - PPF - 050

RCC - SF - 050

NSC - PPF - 0.75

HSC - PPF - 075

NSC - PPF - 100

HSC - PPF - 100

NSC - SF - 025

HSC - SF - 025

NSC - SF - 050

HSC - SF - 050
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Table 4.19. Amount of ingredients for concrete series.

Concrete Series NSC HSC RCC
Cement Content (kg/m?) 350 350 300
Water/Cement (%) & 45 Varying
CSt: No I 0 0 0
Aggregates | CSt: No II 5 5 25
(Yowt) es 5 5 5
NS 10 10 10
SP Varying Varying Not Used
Fiber (%vol) 0/ 025/ 050/ 0.75/ 100 | O/ 025/ 050/ 0.75/ 100 | O/ 0.25/ 050

4.3.2. Physical Tests for Fibers in Different Concrete Matrix

Results for absorption, density, and porosity tests were presented in Table 4.21

where the values presented are the average of 6 specimens and values given in parenthe-

sis show the standard deviation of test results. Based on the given results, absorption,

density, and porosity values for RCC and HSC mixtures were found very similar, but

considerably different (in a negative way) values were obtained for NSC mixtures.

These results could be attributed to similar water to cement ratios used in RCC and

HSC, since the values investigated in the table are significantly dependent to water to

cement ratio used [202,221].
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Table 4.20. Mixture proportions for concrete series (kg/m?).

CSt: CSt:

Concrete Mixtures | Cement €S NS Water | SP | PPF SF
No I | No Il

NSC-P 350.0 5423 | 4510 | 6346 | 1808 | 2100 | 11 | 0.00 0.00

NSC - PPF - 0.25 350.0 5473 | 4552 | 6405 | 1824 | 2100 | 12 | 228 | 0.00
NSC - PPF - 050 350.0 5372 | 4468 | 6286 | 1791 | 2100 | 14 | 455 | 0.00
NSC - PPF - 0.75 350.0 5459 | 4540 | 6388 | 1820 | 2100 | 16 | 683 | 0.00
NSC - PPF - 1.00 350.0 5439 | 4523 | 6364 | 1813 | 2100 | 18 | 910 | 0.00
NSC - SF - 025 350.0 5473 | 4552 | 6404 | 1824 | 2100 | 12 | 000 | 1950
NSC - SF - 050 350.0 5399 | 4490 | 631.8 | 1800 | 2100 | 18 | 0.00 | 39.00
HSC-P 350.0 5779 | 4806 | 6762 | 1926 | 1575 | 28 | 000 | 0.00
HSC- PPF - 0.25 350.0 5884 | 4894 | 6885 | 1961 | 1575 | 28 | 228 | 0.00
HSC- PPF - 050 350.0 5788 | 4813 | 6772 | 1929 | 1575 | 32 | 455 | 0.00
HSC- PPF - 0.75 350.0 5785 | 4811 | 6769 | 1928 | 1575 | 35 | 683 | 0.00
HSC- PPF - 1.00 350.0 5819 | 4839 | 6809 | 1940 | 1575 | 39 | 910 | 0.00
HSC- SF - 0.25 350.0 5864 | 487.7 | 6861 | 1955 | 1575 | 32 | 000 | 1950
HSC- SF - 0.50 350.0 5788 | 4813 | 6772 | 1929 | 1575 | 35 | 0.00 | 39.00
RCC- P 300.0 6136 | 5103 | 7180 | 2045 | 1382 | 0.0 | 0.00 | 0.00
RCC - PPF - 050 300.0 609.3 | 506.7 | 7129 | 2031 | 1379 | 0.0 | 455 | 0.00
RCC - SF - 050 300.0 6034 | 5018 | 7060 | 201.1 | 1395 | 0.0 | 0.00 | 39.00

When FRC mixtures were compared with control mixtures, similar absorption
and porosity values were found. On the other hand, though similar density values
were found for PPF reinforced concrete mixtures and control mixtures, the values were
found higher for SF reinforced concrete mixtures. The increase in the density values
due to the addition of SF could be attributed to high densities of SF (7800 kg/m?)

compared to all other ingredients of concrete.
4.3.3. Mechanical Tests for Fibers in Different Concrete Matrix
Average compressive strength, MOE, and flexural strength (MOR) values for

plain and fiber reinforced (0.5%vol.) conventional and roller compacted concrete mix-

tures given in Table 4.22.
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Table 4.21. Absorption, density, and porosity test results for fibers in different

mixtures.
Absorption Bulk Bulk
Absorption Bulk
after density density after | Apparent

Concrete after density, Porosity

immersion after immersion density

Mixture immersion dry (%)

and boiling immersion and boiling (g/cm?3)
(%) (glem?) s s
%) (gem®) | (gem?)

HSC-P 4.7 (07) 48 (07) | 235 (0.03) | 246 (002) | 246 (0.02) | 2.64 OQO) | 111 (1.5)
HSC-PPF-0.50 | 4.9 (0.2) 50 (02) | 233 ©O) | 245 ©QO) | 245 ©QO) | 264 QO) | 117 (04)
HSC-SF-0.50 4.6 (0.4) 4.7 (0.4) 2.38 (0.02) | 249 (OO) 249 (00D 2.68 (0.02) 11.3 (0.8)

NSC-P 75 (0.5) 76 (0.5) | 222 (003) | 238 (0.02) | 238 (0.02) | 266 QO) | 16.7 (0.9)
NSC-PPF-0.50 | 7.3 (0.3) 74 (02) | 222 ©O) | 238 ©QO) | 238 ©O) | 265 QO) | 163 (0.5
NSC-SF-0.50 71 (0.1) 72 (01) | 226 ©O) | 242 ©O) | 242 ©O) | 270 ©QO) | 163 (0.2)

RCC-P 42 (03) 43 (03) | 239 ©O) | 249 ©QO) | 249 Q) | 266 OO | 103 (0.6)
RCC-PPF-0.50 44 (0.4) 4.6 (0.5) 2.37 (0.03) | 2.48 (0.02) 2.48 (0.02) 2.66 (OO 108 (1.1)
RCC-SF-0.50 44 (0.1) 46 (04) | 239 (003) | 250 (003) | 251 (0.02) | 269 QO | 111 (0.9)

In Table 4.22, all the values were given as an average of 6 specimens and values
given in parenthesis show the standard deviation of test results. As it can be seen from
the table, for all the performance parameters, the highest values were found for HSC
mixtures. On the other hand, while compressive strength and MOE values were found
higher for RCC mixtures compared to NSC mixtures, MOR values were found similar

for these two types of concrete.

To see whether fibers significantly affect strength and stiffness properties or not,
t-tests (for 95% confidence level) were carried out to compare the plain and FRC
mixtures of each concrete series, and the results were also given in Table 4.22 (boldface
numbers represent the statistical difference with respect to the control mixtures of the
same type of concrete (asa result of t-test for 95% confidence level)). Though statistical
differences were observed for some comparison cases, performance parameters for plain
and FRC mixtures were found similar for most of the cases. Besides, for the cases that
statistical differences were seen, the amount differences between the average values

were found very small (Table 4.22).
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Table 4.22. Compressive strength, modulus of elasticity (MOE), and modulus of
rupture (MOR) test results.

Concrete Compressive Strength MOE MOR
Mixture 7 days (MPa) | 28 days (MPa) | 28 days (GPa) | 28 days (MPa)
HSC- P 412 (3.7) 496 (3.1) 271 (L1) 754 (0.3)
HSC-PPF-0.50 38.1 (1.8) 471 (22) 26.0 (0.4) 7.84 (0.5)
HSC-SF-0.50 422 (2.7) 499 (3.8) 268 (1.1) 7.85 (0.8)
NSC-P 278 (1.7) 32.7 (0.5) 237 (1.9) 6.00 (0.3)
NSC-PPF-0.50 28.1 (1.5) 343 (1.0 23.7 (0.8) 5.84 (0.2)
NSC-SF-0.50 279 (0.8) 333 (1.7) 244 (1.8) 6.13 (0.3)
RCC-P 354 (1.3) 400 (3.4) 256 (2.0) 6.15 (0.2)
RCC-PPF-0.50 329 (3.2) 38.1 (34) 253 (1.3) 6.07 (0.7)
RCC-SF-0.50 | 33.9 (0.6) 403 (2.1) 253 (1.7) 6.62 (0.3)

It is known that the contribution of fibers can specifically be seen in the post-
cracking region and the effect of fibers on the strength and stiftness properties of con-
crete is very low, especially for small amounts (less than 1 %vol.) [93,99,222]. Besides,
the post-cracking performances of fiber-reinforced concrete mixtures depend on several
factors, such as fiber type and amount, as well as concrete matrix properties. RFS val-
ues obtained in this study, from 4-point bending tests [185], were given in Figure 4.12
for various mid-span deflection values (0.5, 1.0, 1.5, and 2.0 mm), together with the
MOR values. Since RES ratio (RFS / MOR) is a good indicator of the effectiveness of
fibers in the concrete matrix and it is used in concrete pavement structural design ap-
plications (explained in chapter 2.4.), these values were presented in Table 4.23, where
the values presented are the average of 6 specimens and values given in parenthesis
show the standard deviation of test results. Results given in Figure 4.12 and Table
4.23 indicate that the use of a similar amount (in volume) of SF gives considerably
higher residual performance values compared to PPF, which could be attributed to
their higher modulus of elasticities (200 GPa (SF), 8.5 GPa (PPF)), as well as their

geometries with hooked end (which improves the pull-out resistance of fibers).
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For the RFS ratio values given in Table 4.23, t-tests (with 95% confidence level)
were performed within PPF and SF reinforced concrete mixtures to see whether effi-
ciencies of fibers are similar in the concrete mixtures considered in this study or not,
and results were given in the table, where statistical differences were obtained between
the values with "*" and "**' (as a result of t-test for 95 % confidence level). Based on the
statistical comparisons, efficiencies of polypropylene fibers were found very similar for
all the concrete matrices considered in this study; however, efficiencies of SF were found
higher for NSC compared to HSC (t-test results indicated that the obtained average
REFS ratio values are different for NSC and HSC with 95% confidence). Even though,
t-tests represent no significant statistical difference between efficiencies of fibers in RCC
and HSC mixtures (mainly due to the large variation of results, as large variation makes
hard to statistically distinguish the results), considerable differences between the RES
ratio values were observed for these two. Besides, despite the considerable difference in
mixture proportions, consistency, and compaction effort, average RFS ratio values of

both PPF and SF reinforced RCC mixtures were found very similar to NSC mixtures.
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Figure 4.12. Flexural strength (modulus of rupture) (MOR) and residual flexural
strength (RFS) values (for different mid-span deflections).



Table 4.23. Residual flexural strength (RFS) ratio values for different mid-span

deflections.
Concrete Mixture Midspan Deflection (mm)
0.5 1.0 1.5 20

HSC- PPF - 0.50 19.7 (6.1) 198 (5.7) 19.2 (54) 182 (4.9)
NSC - PPF - 050 | 258 (10.0) | 237 (80) | 206 (57) | 174 (5.0)
RCC - PPF - 050 | 21.2 (3.7) 198 (5.2) 182 (5.1) 17.0(4.8)
HSC- SF - 050 | 525 (106) | 48.1 (7.9)* | 429 (7.0)* | 386 (7.0)*
NSC - SF- 050 | 606 (80) | 615 (7.8)** | 59.0 (7.5)** | 54.1 (8.4)**
RCC - SF - 050 | 55.6 (12.4) | 55.5 (13.7) 55.0 (13.2) 51.0 (13.1)
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Average values of abrasion resistance test results (for 3 tests for each concrete
series) in terms of mass loss after the abrasion exposure were given in Figure 4.13. Based
on the figure, similar abrasion resistance values were found for RCC and NSC mixtures,
but the resistance of HSC was found higher. Since average flexural strength values
were found similar for RCC and NSC, and higher for HSC, obtained results validate
the strong relationship reported previously [223] for flexural strength and abrasion
resistance of concrete. When the effect of fibers on the abrasion mass loss values were
examined, reduced mass loss values were observed for both PPF and SF reinforced
concrete mixtures, and the amount of decrease was found higher for SF reinforced
concrete mixtures. Additionally, based on the figure the amount of decrease in mass loss
due to the addition of fibers was found low for RCC mixtures compared to conventional

concrete mixtures.

4.3.4. Thickness Requirements for Fibers in Different Concrete Matrix

IRC [84] design guide was used to determine the pavement thickness fora sample
road, and road parameters used were given in thickness design part of experimental
and numerical study chapter. As mentioned previously, material parameters used in
the design were taken from the results of the experiments carried out in the scope of

this study.
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Figure 4.13. Abrasion resistance test results.

It should be stated here that in IRC [84] method 90-day characteristic MOR value
is used for the design of concrete pavements, but only 28-day MOR values were mea-
sured in this study. Therefore, measured average 28-day MOR values were converted
to 90-day characteristic MOR values. To this end, measured average MOR values were
first multiplied by 1.10 to convert the 28-day MOR to 90-day MOR [84], then the

values were multiplied by Q70 to obtain characteristic values [95].

Required thickness values for all concrete types were presented in Table 4.24,
together with the material properties used in the design. To show how the addition
of fibers affects the required thickness values, the reduction in required thickness (%)
values obtained by the addition of fibers were also added to the last column of Table
4.24. Based on the results, lowest thickness requirement values were found for HSC
mixtures, and thickness requirement values were found similar for NSC and RCC. The
result could be associated with the flexural strength of the mixtures. For the fiber
reinforced mixtures, a higher amount of reduction in required thickness was found for
SF reinforced concrete mixtures compared to PPF reinforced concrete mixtures ( 20-
27% for SF vs.  9-10% for PPF) as expected. Though reduction in thickness values
due to the addition of PPF were found very similar for the concrete series considered
in the study, the reduction for SF was found lower for HSC, compared to the other two

mixtures (NSC and RCC). These results could be directly associated with the obtained
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REFS ratios (given in Table 4.23) (the main parameter that is used to reflect the fiber

contribution to the performance), due to the addition of the corresponding fiber type.

Table 4.24. Material properties and required thickness values.

Characteristic
Strength Required | Thickness
Concrete Density | MOE MOR RES MOR'
(90 days) Thickness | Reduction
Mixture (t/m?) (GPa) | (MPa) | @ mm) | (MPa)
(Flexural) (cm) (%)
(MPa)
HSC-P 2.44 27.1 7.54 0.00 7.54 5.81 18.2 -
HSC-PPF-0.50 245 26.0 7.84 1.44 9.27 7.14 16.3 10.4
HSC-SF-0.50 2.48 26.8 7.85 3.05 10.90 8.39 14.5 20.3
NSC-P 2.37 23.7 6.00 0.00 6.00 4.62 229 -
NSC-PPF-0.50 2.36 23.7 5.84 1.02 6.86 5.28 20.7 9.6
NSC-SF-0.50 2.40 244 6.13 331 9.44 7.27 16.6 27.5
RCC-P 2.48 25.6 6.15 0.00 6.15 4.74 21.6 -
RCC-PPF-0.50 2.47 25.3 6.07 1.05 7.12 5.48 19.6 9.3
RCC-SF-0.50 2.49 25.3 6.62 3.37 9.99 7.69 15.7 27.3

4.3.5. Cost and Environmental Impact for Fibers in Different Concrete Ma-

trices

In this part, first cost and CO, emission (CE) of the mixtures per unit amount
(1 m?) were determined, then required thickness values found in the previous section
were used together with the cost and emission values of unit mixtures to find material
cost and environmental impact corresponding to 1 m? concrete pavement. Details of

the followed methodology and results were given below.

First, CE and cost of all concrete ingredients were determined as given in 4.25. It
should be noted here that all the cost values were taken from local suppliers (Turkey)
(in June, 2021). However, the CE values were taken from local suppliers (Cement),
Hammond and Jones [224] (CSt: No I, CSt: No II, CS, NS, ater, SP, steel mesh), Korol
et al. [225] (PPF), and Stengel and SchieBl [226] (SF). Then, cost and CE values were
multiplied with the corresponding material amount for 1 m* of concrete given in Table

4.20. Cost and CE values for unit products were given in Table Besides, the cost and



79

CE of 1 m® of concrete were given in Table 4.26. Based on the results presented in
Table 4.26, compared to the conventional concrete mixtures both lower cost and lower
CE values were obtained for RCC mixtures. These results could be attributed to lower
amount of cement used in RCC mixtures, as well as the absence of SP, as the cement
and SP are the ingredients of (plain) concrete that contribute most to the cost and CE
(see Table 9). Furthermore, it can be seen from the table that the use of both PPF and
SF increases the cost and CE of unit concrete mixtures, and the amount of increase in

both values are much larger for SF compared to PPF.

Table 4.25. CE and cost values for unit product.

Crushed | Crushed

Crushed | Natura! , Steel

Parameter Cement Stone: Stone: ‘Water SP PPF SF
Sand Sand Mesh

No I No il
CE
(kg C02-eq 0.707 0.004 0.004 0.004 0.009 0.0003 1.880 | 3.430 | 2.680 | 1.990
/ kg product)
Cost
($/kg 0.032 0.005 0.005 0.005 0.006 0.001 0.517 | 6.000 | 1.900 | 0.940
product)

Table 4.26. CE and cost values for 1 m? concrete.

Parameter &= Cost
(g C02<q) | (5)

HSC-P 262.1 22.2
HSC-PPF 2784 49.7
HSC-SF 368.0 96.6
NSC- P 258.3 20.7
N -PPF 2744 48.1
NC - &F 364.1 95.2
RCC- P 222.1 19.7
RCC - PPF 237.6 46.9
RCC- & 326.4 93.6
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For the next step, by using the required thickness values given in Table 4.24, the
volume of concrete required for 1 m? of pavement construction was calculated for each
of the concrete series. Lastly, by multiplying the calculated volumes with the cost and
CE of the unit amount of corresponding concrete (Table 4.26), cost and CE for all
concrete series were calculated for 1 m? pavement production. Results for CE and cost
for 1 m? pavement production were given in Figure 4.14 and Figure 4.15, respectively.
It should be stated here that for plain conventional concrete mixtures (HSC- P and
NSC - P) steel mesh reinforcement was also considered, as crack control performance
similar to FRC mixtures could only be possible by the use of steel reinforcements
in plain concrete mixtures. Amount of steel meshes required for the plain mixtures
were determined according to IRC 58 [84], and use of Q106/106 [227] steel meshes
was found suitable for both concrete mixtures (HSC-P and NSC-P). It should be also
stated here that the use of steel meshes in RCC pavement applications is not practical,
and dimensional stabilities of RCC mixtures are usually much higher than conventional
concrete mixtures (due to the decreased cement and increased aggregate content); thus,

steel meshes were not considered for plain RCC mixture (RCC-P).
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Figure 4.14. Material CE for 1 m? pavement.
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Figure 4.15. Material cost for 1 m* pavement.

Based on the figures, for plain concrete mixtures, though highest MOR and lower
thickness requirement were found for HSC- P, lower CE values were obtained for RCC
- P, which could be attributed to both low amount of cement used in RCC mixture and
absence of steel mesh reinforcement for RCC. Additionally, due to increased required
thickness, higher cost and environmental impact values were found for NSC - P mixture

compared to HSC - P mixture.

For FRC mixtures, considerably increased pavement material cost values were
found, and the amount of increase was found much higher for SF. On the other hand,
both decreased and increased CE values were found for FRC mixtures. Amount of
decrease in CE due to the addition of PPF was found lower for RCC mixture compared
to HSC and NSC mixtures, which is mainly due to the absence of mesh reinforcement
in RCC plain mixture. Similarly, amount of increase in cost due to the addition of PPF

was found higher for RCC mixture compared to the conventional concrete mixtures.

For CE of SF reinforced concrete mixtures, though lower CE was found for NSC
- SF mixture when compared to NSC-P (due to the addition of steel mesh into plain

matrix and decreased thickness owing to addition of fibers into NSC -SF), higher emis-
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sion values were found for HSC- SF and RCC - SF mixtures when compared to their
control mixtures since reduction in thickness due to fiber addition was relatively low.
Reduction in the emission value on NSC - SF mixture could be attributed to higher
REFS ratio value obtained from it (refer to Table 8). Although, similar RFS ratio values
were found also for RCC - SF mixture, since steel meshes were not considered for RCC
- P mixture, no reduction in the emission value was observed. These results could be

attributed to dependence of the results to the type of concrete mixture considered.

Furthermore, this study only focused on the cost and CE of materials, and cost
and environmental impact of construction activities were not considered, but it is a
known fact that the effort needed to construct steel mesh reinforced concrete slab is
considerably higher compared to FRC slab. According to a previous study [98], cost of
construction process for the FRC slab is almost half of the cost for steel mesh reinforced
concrete slab. Increase in the cost of the construction process could be attributed to
the additional effort required for laying, cutting, and tying activities required for steel

meshes [97].

In the end, it should be noted that the cost values presented in Figure 4.15 are
determined by considering the costs of the concrete ingredients valid in Turkey. On the
other hand, though fiber prices in Turkey are comparable with most of the countries
around the world, prices for cement and aggregates are considerably lower for Turkey.
For example, aggregate and cement prices are almost 2 and 4 times higher for the
United States with respect to the prices in Turkey [228]. Since the use of fibers might
considerably decrease the amount of cement and aggregates used to produce concrete
pavements (which is due to increased flexural capacity), a further cost advantage could

be achieved for FRC for the countries with higher cement and aggregate prices.

4.3.6. Mechanical and Physical Tests for Fibers in Varying Amounts

Since the amount of fiber used to produce FRC mixture is the main parameter

that affects not only the performance that could be obtained from the mixture but also
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the cost and the environmental impact of materials, further studies have been carried
out to see the effects of using different fiber volumes on the investigated performance
criteria. For this part of the study, 0.25 - 0.50 - Q75 and 1.00 %vol. PPF and 0.25 and
0.50 %vol. SF were taken into account. Selection for upper limits for fiber amounts
was done by considering the results of previous part. Since the use of 0.50 %vol.
SF dramatically increased the cost and marginally affect the environmental impact of
concrete mixtures, this amount is considered as maximum for SF. On the other hand,
since the use of 0.50 %vol. PPF affects the CE in positive way for all mixtures and it
affects the cost much lower than same volume of SF, maximum amount for PPF was
increased to 1.00 %vol. for PPF to see how further increase in the amount of fibers
affects the results. In this part of the study, only the conventional concrete mixtures

(HSC and NSC) were considered.

Mechanical and physical test results for plain and different amount of fiber re-
inforced normal strength and high strength conventional concrete mixtures were pre-
sented in Table 4.27 and Table 4.28, respectively. In both tables, values were given as
average of 6 specimens for plain and 0.5%vol. fiber mixtures, but for the other mix-
tures results were given as average of 3 specimens. Besides, values given in parenthesis
show the standard deviation of test results. To see the significance of the differences
in performance parameters obtained for plain and FRC mixtures, t-tests were also
carried out for all parameters investigated in this part, and in the tables bold values
represent the statistical difference with control mixtures (as a result of t-test for 95 %
confidence level). Based on the Table 4.27 and Table 4.28, for strength (compressive
strength MOR), stiffness (MOE), absorption, density and porosity values were found
similar for plain and FRC mixtures for all fiber types and amounts. Although, some
statistical differences were obtained in both tables only marginal differences were seen
in terms of means. This means that, fibers did not affect the performance in positive or
negative way in terms of strength, stiffness, density, and porosity. On the other hand,
varying post cracking contributions were obtained from the fibers based on the type
and amount of fiber, as well as concrete matrix that they are used in. However, since

the RFS value given in Table 4.27 is not applicable for control mixtures, no statistical
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comparison was done for the values given in last column of the table. On the other
hand, significant increases with an increasing fiber volume ratio in the RFS can be

clearly seen from the table, for both concrete mixtures and fiber types.

Table 4.27. Mechanical test results for different fiber amounts.

Concrete Compressive MOE MOR RES
Mixture Strength (GPa) (MPa) @ mm)
(MPa) (MPa)
HSC-P 49.6 (3.7) 271 (1.1) | 7.54 (0.25) -
HSC-PPF-0.25 50.6 (0.9) 27.1 (04) | 7.76 (0.35) | 0.97 (0.20)
HSC-PPF-0.50 47.1 (2.2) 26.0 (0.4) | 7.84 (047) | 144 (0.43)
HSC-PPF-0.75 47.8 (2.7) 258 (1.1) | 7.95 (043) | 2.59 (0.99)
HSC-PPF-1.00 46.7 (1.6) 25.0 (1.9) | 7.93 (0.40) | 3.51 (0.53)
HSC-SF-0.25 525 (2.8) 272 (0.5) | 7.88 (0.40) | 1.99 (0.29)
HSC-SF-0.50 49.2 (5.5) 268 (1.1) | 7.85 (0.82) | 3.05 (0.75)
NSC-P 32.7 (0.5) 23.7 (19) | 6.00 (0.33)
NSC-PPF-0.25 321 (22) 236 (0.8) | 5.87 (0.32) | 0.60 (0.09)
NSC-PPF-0.50 343 (1.0) 23.7 (0.8) | 5.84 (0.24) | 1.02 (0.30)
NSC-PPF-0.75 32.7 (1.0) 24.1 (04) | 6.01 (0.08) | 1.33 (0.33)
NSC-PPF-1.00 332 (12) 233 (09) | 598 (0.07) | 2.30 (0.66)
NSC-SF-0.25 33.7 (2.3) 238 (09) | 6.06 (0.43) | 2.26 (0.13)
NSC-SF-0.50 334 (1.7) 244 (1.8) | 6.13 (0.27) | 3.31 (0.50)

4.3.7. Thickness Requirements for Fibers in Varying Amounts

For different fiber volume cases, required thickness values were presented in Table
4.29, together with the material properties considered in the design. Last column of
the table was given to show the change in the required thickness values due to the

addition of different types and amount of fibers.
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Table 4.28. Absorption, density, and porosity test results far different fiber amounts.

Absorption Bulk density, | Bulk density Apparent )

Concrete Porosity

after immersion dry after immersion density

Mixture (%)

(%) (g/cm?) (g/cm?) (g/cm?)

HSC-P 471 (0.73) 235 (0.03) 246 (0.02) 2.64 (00D 11.13 (1.51)
HSC-PPF-0.25 481 (0.26) 236 (0.02) 248 (0.02) 2.67 (0.0l | 1149 (0.48)
HSC-PPF-0.50 492 (0.19) 233 (00D 245 (00) 2.64 (OO) 11.69 (0.38)
HSC-PPF-0.75 4.97 (0.09) 2.35 (0.00) 2.47 (0.00) 2.67 (0.00) | 11.84 (0.18)
HSC-PPF-1.00 5.10 (0.22) 2.34 (0.02) 246 (0Q) 2.66 (0.0l | 12.08 (0.44)
HSC-SF-0.25 5.03 (0.31) 236 (0.03) 248 (0.02) 2.69 (0.0) | 12.02 (0.59)
HSC-SF-0.50 4.65 (0.40) 2.38 (0.02) 2.49 (0.0 2.68 (0.02) | 11.26 (0.83)

NSC-P 747 (0.46) 222 (0.03) 2.38 (0.02) 2,66 (OO) 16.73 (0.87)
NSC-PPF-0.25 723 (0.41) 223 (0.03) 2.39 (0.02) 2,66 (OO) 1623 (©.70)
NSC-PPF-0.50 7.26 (0.26) 222 (00) 2.38 (0Q) 2.65 (0.0l | 16.34 (0.45)
NSC-PPF-0.75 7.04 (0.33) 223 (0.02) 2.39 (0.02) 2,65 (OQ) 15.86 (0.57)
NSC-PPF-1.00 7.24 (0.59) 222 (0.04) 2.38 (0.03) 2.65 (0.02) 16.23 (0.99)
NSC-SF-0.25 7.01 (0.28) 2.26 (0.02) 2.41 (0.0 2.68 (0.0l | 1596 (0.51)
NSC-SF-0.50 7.13 (0.08) 2.26 (0.0D) 2.42 (0.0D) 2.70 (0.0l | 1626 (0.20)

Based on the presented values, varying required thickness values were obtained far
the FRC mixtures depending on the type and amount of fibers, and amount of decrease
in the required thickness values were faund higher far the mixtures that includes higher
amount of fibers, as expected. For the similar amount (in terms of volume) of fiber,
higher reduction in required thickness values were obtained far SF reinfarced concrete
mixtures compared to PPF reinfarced ones. Although, far HSC mixtures, Q75 %vol.
PPF was faund enough to achieve similar thickness reduction with 0.25 %vol. SF, 1.00
%vol. PPF was required to achieve similar thickness requirement with 0.25 %vol. SF
far NSC mixtures, which clearly demonstrate the dependence of the perfarmance to

the concrete matrix properties.



86

Table 4.29. Material properties and required thickness values for different fiber

amounts.
Concrete Density | MOE MOR RES MOR! Characteristic Required | Thickness
Mixture (t/m?) GPa) | ovpa) | @ mm) | (vPa) MOR (90 days) | Thickness | Reduction
(MPa) (cm) (%)
HSC-P 244 271 7.54 0.00 7.54 5.81 182 -
HSC-PPF-0.25 2.48 27.1 7.76 0.97 8.73 6.72 17.8 2.2
HSC-PPF-0.50 245 26.0 7.84 1.44 9.27 7.14 163 10.4
HSC-PPF-0.75 245 25.8 7.40 2.59 10.00 7.70 15.6 14.3
HSC-PPF-1.00 2.46 25.0 793 351 11.44 8.81 14.6 19.8
HSC-SF-0.25 249 272 7.88 1.99 9.87 7.60 153 159
HSC-SF-0.50 248 26.8 7.85 3.05 10.90 8.39 14.5 20.3
NSC-P 2.37 23.7 6.00 0.00 6.00 4.62 229 -
NSC-PPF-0.25 2.39 23.6 5.87 0.60 6.47 4.98 21.7 52
NSC-PPF-0.50 2.36 23.7 5.84 1.02 6.86 528 20.7 9.6
NSC-PPF-0.75 2.39 24.1 6.01 133 7.33 5.65 19.7 14.0
NSC-PPF-1.00 2.38 233 5.98 2.30 8.28 6.37 184 19.7
NSC-SF-0.25 241 23.8 6.06 2.26 8.32 6.41 182 20.5
NSC-SF-0.50 2.40 244 6.13 331 9.44 7.27 16.6 275

4.3.8. Cost and Environmental Impact for Fibers in Varying Amounts

By using the required thickness values determined in the previous section and
cost and environmental impacts of the unit materials (given in Table 4.26), costs and
CE of the mixtures considered in this part were presented in Table 4.30. in the table,
change (%) values for FRC mixtures were given relative to control mixture of the
corresponding mixture, and negative and positive values represent decrease and increase

in the considered parameter, respectively.

Although, decreased CE values were found for increasing PPF for both concrete
types, varying emission values were obtained for increasing amount of SF. For both
types of concrete mixtures, reduction in CE was observed for the use of 0.25 %vol. SF,
but for the use of 0.50 % vol. SF increased and decreased CE values were obtained
for HSC and NSC, respectively. Despite the decrease in required pavement thickness
values, increased cost values were found for FRC mixtures compared to plain concrete

mixtures, which could be attributed to higher costs of the fibers. However, it should be
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noted here again that this study only considers the effect of fibers on the CE and cost
of the materials and construction process for FRC mixtures is much easy, compared to
mesh reinforced plain concrete mixtures. Therefore, by considering the construction
effort and cost, further benefit could be obtained for FRC mixtures compared to plain

ones.

Furthermore, concrete pavements are mostly exposed to harsh environmental
conditions during their service lives, and corrosion of steel meshes might be considered
as one of the pavement durability issues. In this respect the corrosion free nature of
PPF can also be advantageous in terms of durability, against both steel fibers and steel

mesh.

Table 4.30. Cost and CE values for different fiber amounts.

Concrete cE Change in | Cost ($) | Change in Cost

Mixture (kg Q02-eq) CE (%) / m? (%)

/ m?

HSC-P 516 - 59 -
HSC-PPF-0.25 48.1 -6.8 64 9.1
HSC-PPF-0.50 454 -12.0 8.1 37.8
HSC-PPF-0.75 44.7 -133 9.9 68.7
HSC-PPF-1.00 43.1 -164 113 92.4

HSC-SF-0.25 482 -6.5 9.1 55.1
HSC-SF-0.50 534 34 140 138.6

NSC-P 63.0 - 6.6 -
NSC-PPF-0.25 57.8 -8.3 7.5 139
NSC-PPF-0.50 56.8 -9.9 10.0 51.3
NSC-PPF-0.75 55.7 -11.6 12.2 85.5
NSC-PPF-1.00 53.5 -15.1 139 1115

NSC-SF-0.25 56.6 -10.2 10.5 60.1
NSC-SF-0.50 60.4 -4.1 158 139.8
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4.4. Effects of Fibers on the Joint Performance of Concrete Pavements

4.4.1. Mixtures

3 different concrete mixtures with varying polypropylene fiber amounts (0.0%,
0.5%, and 1.0%) were designed for this part of the study. For all the mixtures cement
dosage and water to cement ratios were fixed to 350 kg/m? and 0.60, respectively. To
adjust the workability of mixtures, which is selected as EN 206 [208] - S2 slump class (5
- 8 cm) in this study, a modified polycarboxylate based SP was used. Polypropylene
fibers (PPF) were used for fiber reinforced concrete mixtures for 2 different volume
ratios (0.5% and 1.0%). In this study, plain concrete mixture was named as PC, but
fiber reinforced concrete mixtures with 0.5%vol. 1.0%vol. were named as FRC - 0.5
and FRC - 1.0, respectively. Based on the explained methodology and nomenclature,
mixture proportions for plain and fiber reinforced concrete mixture were determined

as given in Table 4.31.

Table 4.31. Mixture proportions for 1 m?® plain and fiber reinforced concrete mixtures.

Ingredients | PC | FRC-0.5 | FRC-1.0
Cement 350.0 350.0 350.0
CSt: No I | 5423 537.2 5439

CSt: No II | 451.0 446.8 452.3

CS 634.6 628.6 636.4
NS 180.8 179.1 181.3
Water 210.0 210.0 210.0
SP 11 14 18
PPF 0.00 4.55 9.10

4.4.2. Quasi-Static Tests

Results for compressive strength, modulus of elasticity and flexural performance

tests were presented as average values in Table 4.32, together with the standard de-
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viation of test results (in parenthesis). it should be noted here that the results for
PC and FRC - 0.5 mixtures were given for 6 specimens, but the results were given
for 3 specimens for FRC - 1.0 mixture. Additionally, all the tests were applied to the

specimens cured for 28 days.

As the table shows average compressive strength, modulus of elasticity and flex-
ural strength values were found very similar (with some marginal changes) for plain
(PC) and fiber reinforced concrete mixtures, which is consistent with the relevant lit-
erature [60,229,230] that used polypropylene fibers with similar amounts. When the
residual flexural strength values (a widely accepted indicator of post-cracking perfor-
mance of FRC mixtures) were examined for FRC mixtures (FRC-0.5 and FRC-1.0),
it was seen that the residual flexural strength values were found doubled for the FRC

with 1.0%vol. fiber (FRC - 1.0), compared to FRC with 0.5%vol. fiber (FRC - 0.5).

Table 4.32. Compressive strength, modulus of elasticity and flexural performance test

results.

Property PC FRC - 0.5 | FRC - 1.0
Compressive Strength (MPa) | 32.7 (0.5) | 34.3 (1.0) | 33.2 (1.2)
Modulus of Elasticity (GPa) | 23.7 (1.9) | 23.7 (0.8) | 23.3 (0.9)

Flexural Strength (MPa) 6.00 (0.33) | 5.84 (0.24) | 5.98 (0.07)
0.5mm - 1.51 (0.58) | 2.99 (0.87)

Residual Flexural | 1.0 mm 1.40 (0.46) | 2.97 (0.85)
Strength (MPa) 1.5 mm 1.20 (0.34) | 2.59 (0.78)
2.0mm 1.02 (0.30) | 2.30 (0.66)

4.4.3. Cyclic Shear Tests

in this part, post-cracking shear performance test results applied to plain (PC)
and fiber reinforced concrete (FRC - 0.5 and FRC - 1.0) mixtures were presented. it
should be noted here that the post-cracking shear tests were applied to 4 specimens

for each concrete series, and the results were presented for these 4 specimens.
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Peak differential displacement, which is defined as the difference between the
displacement measured for maximum and minimum stress levels at the specified cycle
number, is a reasonable indication of post-cracking shear performance of concrete. The
value (peak differential displacement) demonstrates the shear load transfer capability
of cracked section under the applied load magnitudes. Basically, better shear load
transfer capability results in lower peak differential displacement. in another words,
magnitude of peak differential displacement decreases with an increasing shear perfor-
mance. Figure 4.16 shows the hysteresis curves for a selected concrete specimen (FRC
- 1.0 - 1) at 500 cycle for various crack widths, and representation of peak differential
displacement was given in the figure for the given crack width and cycle. As it can be
seen from the figure that the peak differential displacement value is represented as the
difference between the maximum and minimum displacement values observed for the
relevant cycle, and crack width considerably affect the magnitude of the peak differen-
tial displacement increases dramatically (peak differential displacement increases with

increasing crack width).
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Figure 4.16. Hysteresis curves for 'FRC - 1.0 - 1' at 500 cycle for different crack
widths (0.2 - 0.5 - 1.0 - 1.5 - 2.0 mm) and representation of peak differential

displacements for the relevant crack widths at 500 cycle.
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For the post-cracking performance tests 4 specimens were tested for each of the
concrete mixtures (PC, FRC - 0.5, and FRC - 1.0) for 5 different crack widths (0.2,
0.5, 1.0, 1.5, and 2.0 mm), and based on the definition given above, peak differential
displacement for all cases and cycles were calculated and presented in Figure 6. As
explained above, peak differential displacement is an important indication of post-
cracking shear performance of tested specimen, an increasing peak displacement can

be associated with the decreased shear performance.

Figure 4.17 shows that the peak differential displacement increases with the ap-
plication of cyclic loading; however, it can be noticed that the amount of change in peak
differential displacement is much higher for a few number of initial cycles and reaches
an approximately constant value after that. Figure 4.17 also shows that the increasing
crack widths considerably increase the magnitudes of peak differential displacements
calculated. in addition, it can be seen from the figure that for the similar crack widths
use of fibers in increasing amount tend to increase the shear performance (decrease the

peak differential displacement).

To compare the obtained peak differential displacement values for plain and fiber
reinforced concrete mixtures, peak displacement values corresponding to 500 eyde were
specified for all test cases. Then, by using the obtained values average peak displace-
ment values corresponding to different concrete mixtures (PC, FRC - 0.5, and FRC
- 1.0) and crack widths (0.2, 0.5, 1.0, 1.5, 2.0 mm) were presented together with the
standard deviations of the results in Figure 4.18. it can be seen from the figure that for
all the crack widths considered in this study lower average peak displacement values
were found for fiber reinforced concrete mixtures (FRC - 0.5 and FRC - 1.0) compared

to plain one (PC).

Moreover, for all the crack widths, amount of decrease in peak differential dis-
placement value was found higher for FRC - 1.0 compared to FRC - 0.5, which shows
that the amount of increase in fiber amount further decrease the peak differential dis-

placement (increase the post-cracking shear performance).
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Figure 4.17. Cycle number and peak differential displacement relationships for
different crack widths (CW) up to 500 cycles; (a) 0.2 mm, (b) 0.5 mm, (c) 1.0 mm,
(d 1.5 mm, (e) 2.0 mm.

In order to see if the obtained differences in post-cracking shear performance
values are statistically meaningful, t-tests were carried out to compare the obtained
peak differential displacements for all concrete mixtures (PC vs FRC - 0.5, PC vs FRC
- 1.0, and FRC - 0.50 vs FRC - 1.0) and crack widths (0.2, 0.5, 1.0, 1.5, 2.0 mm).
P-values obtained as a result of t-tests and the values that emphasize the statistical
difference (for 95% confidence level) were presented in Table 4.33 for all the cases
mentioned here, where bold values represents the statistical difference between the

compared mixtures.
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Figure 4.18. Peak differential displacement at 500 eyde.

Based on the Table 4.33 it can be said that there is a tendency to increase in
statistical difference (decrease in p-value) with an increasing crack widths, which might
be associated with the increasing contribution of fibers to the shear performance with
increasing crack widths. For 2 mm' crack width, differences in average peak differential
displacement values were found significant for all the comparison cases (with 95%
confidence level). On the other hand, for other crack widths, statistical difference was
observed for only between PC and FRC - 1.0 (mixture with no fiber and maximum
fiber), but no statistical difference was observed for other comparison cases (for 95%
confidence level). Despite the visible difference in average peak displacement between
the concrete series for all crack widths (in reference to Figure 4.18), the absence of
statistical difference (in reference to Table 4.33) for most of the comparison case, might
be attributed to large variation of the test results, which makes hard to distinguish the
results statistically. Though each of the test requires considerable time and effort, to
deal with this large variation use of larger number of specimens might be recommended
to examine the post-cracking shear performance of mixtures with the test method

employed in this study.
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Table 4.33. P-values obtained as a result of t-tests.

Compared Concrete Crack Widths (mm)
Series 0.2 05 | 10 15 2.0
PC / FRC - 0.5 090 | 013 | 0.07 | 0.19 | 0.05
PC / FRC - 10 045 | 0.05 | OO | OO | 0.00
FRC -05/ FRC-101{ 037 | 020 | 038 | 0.15 | 0.03

Moreover, by using the peak differential displacements obtained (experimentally)
for 500 cycles of cyclic shear stress repetition, regression analyses were done for all
the concrete mixtures (PC, FRC - 0.5, FRC - 1.0) to show the relationship between
crack width and peak differential displacement. Regression curves obtained for the
concrete mixtures were given in Figure 4.19, together with the regression equations and
their correlation coefficients (R?). The figure demonstrate that the regression curves
obtained for the data sets shift in downward direction for with the increasing amount
of fiber reinforcements. Obtained curves basically represents that the peak differential
displacement obtained for similar scenarios (crack widths and load magnitudes) are
lower for FRC mixtures, which is another indication of increased shear stiffness for
FRC mixtures. In addition, Figure 4.19 shows that the vertical distance between the
regression curves increase with increasing crack widths, which represents the increasing
contribution of fibers with increasing crack widths, and support the outcome obtained

for Table 4.33 (explained in previous paragraph).

As explained above, peak differential displacement values were determined in this
study for varying crack widths, fiber ratios. To propose a model that defines the peak
differential displacement as a function of crack width and fiber amount, linear model

titting tool of MATLAB [231] was used and obtained as
Opeake = - 0.083016 + 0.19709 x €Y + 0.16113 x ePPFR (4.2)

where Opeake shows estimated peak differential displacement, CW represents crack
width ('mm'), and PPFR is volume ratio of polypropylene fibers to the total volume

of concrete in percent (between OO- 1.0).
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Figure 4.19. Relationship between crack width and peak differential displacement for

varying fiber amounts.

Additionally, correlation coefficient (R*), which is an indication of suitability of
proposed model to the actual data (R* value close to '1.000" indicates better fit), for
the given equation was found as 0.904. Besides, the scatter graph that represent the
relationship between the estimated and measured peak differential displacement values
was presented in Figure 4.20, together with the equilibrium line. When the correlation
coefficient coefficient scatter graph given in Figure 4.20 examined together, it could be
concluded that the proposed model reasonably explains the experimentally obtained
results. It should be emphasized here that the model parameters proposed above are
dependent on the properties of the concrete mixture used, as well as the fiber type used

in this study.

4.5. Two-Stage Mixing Approach to Improve Fiber-Matrix Interface

4.5.1. Mixtures and Mixing Protocols

For this part, 4 different concrete mixtures were designed: one plain mixture
without fibers and MS, one FRC mixture without MS, and two FRC mixtures with
MS (2% and 4% of cement by weight was replaced with MS, respectively). The plain
mixture was named as 'Control’, and the FRC mixtures were named based on the

weight percent of MS used in binder, as 'MS-0' (100% cement), 'MS - 2' (98% cement
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and 2% MS), and 'MS-4' (96% cement and 4% MS). It should be stated here that both
standard and modified mixing methodologies (explained in the following section) were
applied to the FRC mixtures, and while presenting the results, mixtures produced with
standard mixing protocol were given with 'Std" extension and mixtures produced with
modified mixing protocol were given with 'Mod' extension. To elaborate the statement,
'MS-0" (FRC without MS) concrete was produced with standard and modified mixing
protocol, and they are named as 'MS-0-Std' and 'MS-0-Mod', respectively. Based

3

on the mixing methodology and nomenclature given, ingredients for 1 m° concrete

mixtures were given in Table 4.34.
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Figure 4.20. Measured and estimated (based on the proposed model) peak differential

displacement values.

As explained above the aim of this study is to see if fiber-matrix interface can
be improved by modifying the mixing method. With this aim two different mixing
protocols were used in this study, as (i) standard mixing protocol and (ii) modified

mixing protocol.
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Table 4.34. Ingredients of concrete mixtures for 1 m* volume.

Mixture Name | Control | MS-0 | MS-2 | MS-4
Cement 3500 | 3500 | 343.0 | 336.0
SF - - 7.0 14.0
CSt: No I 5423 | 537.2 | 536.7 | 5359
CSt: No il 451 4468 | 4464 | 445.7
€S 6346 | 628.6 | 628.0 | 627.0
NS 180.8 1791 | 1789 | 1787
Water 2100 | 2100 | 2100 | 2100

Sp 11 14 15 16

PPF - 455 | 455 | 455

Four different concrete mixtures were prepared with standard mixing protocol, as
plain (Control), FRC without MS (MS-0-Std), FRC with 2% MS (MS-2-Std), and FRC
with 4% MS (MS-4-Std). On the other hand, three different concrete mixtures were
prepared with modified mixing protocol; FRC without MS (MS-0-Mod), FRC with 2%
MS (MS-2-Mod), and FRC with 4% MS (MS-4-Mod). It should be emphasized here
that the SF was used in this study due to its well-known positive impact on the ITZ
of cementitious composites, caused by its pozzolonic activity (change ITZ composition

and thickness), as well as filler effect (reduce ITZ porosity) [193,232,233].

4.5.1.1. Standard Mixing Protocol. First, dry ingredients (aggregates and binders)

were put into the pan mixer (from coarse to fine) and mixed for two minutes. Then,
while the mixer is still running water and SP mixture was added to the mixer in one
minute gradually, and wet mix was mixed for additional one minute. Following this,
for plain concrete mixture, formed mix was mixed for two more minutes. On the
other hand, for FRC mixtures, fibers were added gradually in one minute and then
final (FRC) mixture was mixed for one more minute. Therefore, mixing operation was

completed in six minutes, for both plain and fiber reinforced concrete mixtures.
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4.5.1.2. Modified Mixing Protocol. The aim of modified mixing methodology is to

coat the fibers with a high-performance binder matrix (with low water/binder and
MS). For this purpose, the fibers were coated with three different binder slurry, with

or without MS, following the mixing methodology explained below.

In the beginning, required amount of binder (‘cement' or 'cement + MS'), ag-
gregate, water and SP to produce aimed volume of concrete were weighted, and water
and SP was mixed in a bucket. Then, aggregates and cement corresponding to 80%
of total binder was separated and put into pan mixer. After that water - SP mixture
corresponding to the 35%wt. of binder was separated to prepare the binder slurry (wa-
ter/binder ratio for the main mix was 60%). Following this, remaining cement and MS
(if any) were put into the small mixer and mixed with separated water and SP mixture
in two minutes the mixer to obtain binder slurry. At the same time, dry materials in-
side the pan mixer were mixed for two minutes to achieve uniformity. After that water
and SP mixture remaining from the slurry was added into the pan mixer in one minute
while the mixer is running, and formed mix was mixed for one additional minute. At
the same time (in the small mixer) fibers were mixed with slurry until ensuring that all
the fibers were covered with the slurry (approximately in two minutes). Then, slurry
coated fibers were added to the pan mixer in one minute while the mixer is running. In
the final step, formed wet mix was mixed for one more minute to achieve uniformity.

Thus, as a total of six minutes was spent for modified mixing protocol.

Schematic representations of standard and modified mixing protocols were given
in Figure 4.21. It is worth noting here that though the FRC mixtures were named
considering the weight percent of MS compared to total binder (MS-0, MS-2, and MS-
4), for the modified mixing protocol, weight percent of MS by means of slurry binder
weight corresponding to 0% (for MS-0), 10% (for MS-10), and 20% (for MS-20).
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Figure 4.21. Concrete mixing protocols; (a) standard mixing, (b) modified mixing.

4.5.2. Quasi-Static Tests

Compressive strength and modulus of elasticity test results for all concrete mix-
tures were presented in Table 4.35, where the average values given for 6 specimens,
and values given in parenthesis show the standard deviation of results. Accordingly,
similar compressive strength and modulus of elasticity values were obtained for plain
(Control) concrete and FRC mixtures produced with standard and modified mixing
methodology. Therefore, based on the results modified mixing methodology was found
not to affect the compressive strength and modulus of elasticity of concrete mixtures
in positive or negative way. In addition, for the amounts of MS used in this study (2%
and 4%) no considerable change in compressive strength and modulus of elasticity was

observed.

Load - midspan deflection graphs obtained for FRC mixtures prepared by using
standard and modified mixing method with 0%, 2%, and 4% MS presented in Figure
4.22. In addition, average flexural strength (MOR) and residual flexural strength (RES)
values obtained for all the mixtures were given in Table 4.36, where values given in the
parenthesis show the standard deviation of test results and all the values given for 5

specimens.
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Table 4.35. Compressive strength and modulus of elasticity test results.

Mixture Name | Compressive Strength (MPa) | Modulus of Elasticity (GPa)

Control 329 (04) 239 (2.1)
MS-0-Std 33.1 (0.6) 237 (12)
MS-0-Mod 35.0 (1.4) 25.3 (1.1)
MS-2-Std 35.3 (0.7) 25.6 (0.5)
MS-2-Mod 352 (L.1) 250 (1.9)
MS-4-Std 36.3 (0.9) 24.0 (0.8)
MS-4-Mod 358 (L.1) 248 (0.8)

According to Table 4.36, there was no noticeable increase or decrease in the
average flexural strength values for FRC mixture (prepared using either standard or
modified mixing methodology) compared to Control mixture. On the other hand, the
average residual flexural strength values for FRC mixtures prepared with modified mix-

ing methodology were higher than those obtained using standard mixing methodology.

Table 4.36. Average flexural performance test results.

Mixture Name Flexural Strength Residual Flexural Strength (MPa)
(MOR) (MPa) 0.5mm 1.0 mm 1.5 mm 2.0mm
Control 5.96 (0.34) - -

MS-0-Std 5.61 (0.38) 1.33 (0.23) | 111 (0.26) | 0.96 (0.26) | 0.83 (0.22)
MS-0-Mod 567 (0.61) 149 (025) | 139 (025) | 121 (025) | 1.05 (0.23)
MS-2-Std 562 (0.24) 134 (028) | 1.18 (024) | 1.00 (024) | 0.86 (0.23)
MS-2-Mod 5.73 (0.50) 1.72 (046) | 1.77 (0.37) | 1.60 (0.35) | 1.38 (0.32)
MS-4-Std 6.05 (0.39) 1.63 (0.13) | 152 (0.19) | 1.32 (0.20) | 1.16 (0.17)
MS-4-Mod 630 (0.45) 170 (039) | 1.65 (0.37) | 151 (0.26) | 1.34 (0.17)

Moreover, average residual flexural strength ratio (RESR) (RFSR = RFS / MOR)
values corresponding to 0.5, 1.0, 1.5, and 2.0 mm midspan deflections were given in

Figure 4.23, together with the standard deviations.
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Figure 4.22. Load - midspan defl.ection graphs for FRC mixtures; (a) without MS,
(b) with 2% MS, (c) with 4% MS.

Based on Figure 4.23, modified mixing methodology was found to increase the
average RFSR values for all 3 mixture cases (with 0%, 2%, and 4% MS) and 4 midspan
defl.ection values considered. To show the magnitude of increase in average RFSR and
its statistical significance, change in RFSR values obtained by using modified mixing
were given in Table 4.37, together with the results of t-tests (p-values that represents
the significance of obtained changes), where bold values represents statistical difference
between the compared mixtures. Table 4.37 shows that the increase in RFSR varies be-
tween 0.1 and 30.6% according to the considered mixture, as well as midspan defl.ection

value. For all the midspan defl.ections largest change in RFSR values were obtained for
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MS-2 followed by MS-0 and MS-4, respectively. Additionally, for all the comparison
cases, change in RFSR values were found to be increased with an increase in midspan
deflection values, which might be attributed to increasing contribution obtained due
to modified mixing methodology with increasing midspan deflections. Based on the p-
values given in Table 4.37, change in average RFSR values were found significant (95%
significance) for only the comparison case of 'MS-2-Std MS-2-Mod' and midspan deflec-
tions of 1.0 mm, 1.5 mm, and 2.0 mm. Despite considerable changes (up to 24.9%) in
average RFSR for other case, comparatively large p-values obtained for other compar-
ison cases ('MS-0-Std MS-0-Mod' and 'MS-4-Std MS-4-Mod') might be attributed to
large variations of flexural performance test results (see Figure 8) which make hard to
distinguish the compared mixtures statistically. Furthermore, despite similar changes
obtained for MS-0 and MS-2 mixtures by using modified mixing methodology, lower
changes obtained for MS-4 mixtures might be related to relatively high performance
obtained for the companion mixture, as well as the excessive amount of MS (20%) used
in cement slurry for both secondary (pozzolanic) reaction and filler effect [232] which
are the main effects of MS that improve the performance of cementitious matrices,
as previous studies suggested lower MS amounts (less than 10%) to obtain maximum
performance [232-234]. Therefore, further studies are recommended to determine the
optimum amount of SF (or other supplementary cementitious materials) to maximize

the benefit obtained from the modified mixing methodology.

0.5 mm mi.o mm 1.5 mm 1::12.0 mm

MS-0-Std MS-0-Mod MS-2-Std MS-2-Mod MS-4-Std MS-4-Mod

Figure 4.23. Average residual flexural strength ratios for different midspan deflections.
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Table 4.37. Change in residual flexural strength ratio (%) and results (p-values) of

t-tests.

05 mm 10 mm 15 mm 2.0mm

Compared Mixtures
Change (%) P Change (%) P Change (%) P Change (%) P
MS-0-Std & MS-0-Mod 103 0.36 223 011 234 0.14 249 0.12
MS-2-Std & MS-2-Mod 131 0.16 26.2 oQl 30.6 oQl 290 0.02
MS-4-Std & MS-4-Mod 01 0.99 55 0.68 111 0.36 124 0.22

4.5.3. Microstructural Analyses

Using the 'atomic%' of elements obtained from EDX for fiber-matrix interface,
Ca/Si for all the FRC mixtures and analyzed surfaces (3 surfaces for each mixture)
were calculated, and the average Ca/Si were given together with their standard devi-
ations in Figure 4.24. Accordingly, for the mixtures produced with standard mixing
protocol, decreasing Ca/Si values were observed with increasing use of MS. In addi-
tion, considerable reductions in Ca/Si were observed for the MS mixtures produced
with modified mixing protocol compared to those produced with standard mixing pro-
tocol. Obtained reductions in Ca/Si values for the given comparison cases might be
attributed to higher amount of C-8-H gel and MS particles within the interface, both
provided by high silicon dioxide (SiO,) content of MS particles put into the mixtures
( 90%).

In contrast, despite considerable improvements in mechanical performance ob-
tained for non-SF mixture by using modified mixing protocol (see Figure 4.23 and
Table 4.37), Ca/Si was found similar for non-MS mixtures produced with standard
(MS-0-Std) and modified (MS-0-Mod) mixing protocol. Similar interface compositions
(similar Ca/Si) obtained for the mixtures might be due to the incapability of the inves-
tigation methodology (EDX analysis on the matrix surface) to capture the thickness
and overall composition of fiber-matrix interface. Since EDX analysis give an idea
about the surface to a limited depth (1-10 wm), while the thickness of interface in
cementitious composites usually greater than that (usually reported between 10 to 80

wum [192,193,235-238]) and being significantly affected by change in water/cement ra-
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tio [192,193]. Therefore, further studies are recommended to investigate the efficiency
of the applied mixing methodology on the overall depth and composition of fiber-matrix

interface.

vi 2.0

015
1.0

0.5

0.0 == | !
MS-0-Std MS-0-Mod MS-2-Sid MS-2-Mod MS-4-St1 MS-4-Mod

Figure 4.24. Calcium to silicon ratio (Ca/Si) of FRC mixtures.

4.5.4. Thickness Requirements

For the sample pavement considered, thickness requirements corresponding to
different concrete mixtures were given in Table 4.38, together with the material prop-
erties used in design and reduction in thickness requirements. According to the table,
thickness reductions changing from 5.2% to 17.9% was obtained for FRC mixtures,
and the use of MS was found to reduce required thickness. In addition, lower thick-
ness requirements (up to 6.0% reduction in required thickness) were obtained for the
mixtures prepared with modified mixing protocol than those prepared with standard
mixing protocol, which might be associated with the better flexural performance ob-

tained for them (see Figure 4.23).
4.5.5. Cost and Environmental lmpact Analyses

By using the thickness requirements determined for the concrete mixtures, cost
and CO, emission (CE) analyses were done to show the effect of change in concrete
ingredients and mixing methodology on the cost and environmental impact of sample

pavement.
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Table 4.38. Material parameters, thickness requirements and thickness reductions.

Thickness Thickness
Characteristic
RES Required | Reduction Reduction
Mixture MOE MOR MOR' MOR
(MPa) Thickness | Compared | Compared to
Name (MPa) (MPa) (MPa) (90 days)
(2mm) (cm) to Plain Standard
(MPa)
%) Mixing (%)
Control 239 5.96 - 5.96 4.59 229 - -
MS-0-Std 23.7 5.61 0.83 6.44 4.96 21.7 52 -
MS-0-Mod 253 5.67 1.05 6.72 5.17 20.4 109 6.0
MS-2-Std 25.6 5.62 0.86 6.48 4.99 20.8 9.2 -
MS-2-Mod 25.0 5.73 1.38 7.11 5.47 19.7 140 53
MS-4-Std 24.0 6.05 116 721 5.55 199 131 -
MS-4-Mod 24.8 6.30 1.34 7.64 5.88 18.8 179 55

First, cost and CE of the unit volume (1 m?) of concrete mixtures were calculated
by considering the mixture ingredients corresponding to 'l m?®' concrete (given in Table
4.34), as well as cost and CE ofthe ingredients. Cost and CE of the mixture ingredients
and 'l m® concrete mixtures were given in Table 4.39 and Table 4.40, respectively. It
should be noted here that all the cost values were taken from local suppliers (Turkey)
(in July 2022). On the other hand, the CE values were taken from local suppliers

(Cement), Hammond and Jones [224] (CSt: No I, CSt: No il, CS, NS, ater, SP, steel
mesh), Korol et al. [225](PPF), and Thilakarathna et al. [239] (MS).

Afterward, amount of concrete required to produce unit area (I m?) concrete
pavement was calculated for each of the concrete mixture considering the thickness
requirement corresponding to relevant mixture. Finally, to determine the cost and
environmental impact of concrete pavements produced with the different concrete mixes
considered in this study, the amount of concrete required to produce the concrete

pavements (determined in the second step) and the cost and CE of the respective

mixes were multiplied.

Furthermore, to compare the pavements with similar performances cost and CE
of steel meshes were also considered for plain (Control) concrete mixture, as mesh rein-
forcements are needed for the plain concrete mixtures to achieve a cracking performance

similar to FRC mixtures. For the plain concrete mixture, TS 4559 [227] - Q106/106
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steel mesh was found suitable to meet the amount of reinforcement required based on
IRC 58 [84] design guide, and both cost and CE of the steel mesh corresponding to 1

m? of concrete pavement were added to the total cost and CE of the concrete mixture.

Table 4.39. Cost and CE of the unit weight of concrete ingredients.

CE
Parameter (kg Q02 -eq / Cost
kg product) $ / kg product)

Cement 0.707 0.067
MS 0.024 0.400
CSt: No I 0.004 0.006
CSt: No il 0.004 0.006
€S 0.004 0.006

NS 0.009 0.009
Water 0.0003 0.001
SP 1.880 0.600
PPF 3430 6.000
Steel Mesh 1.990 1.000

For the cost and environmental impact calculations, first volume of concrete re-
quired to produce 1 m? pavement was calculated for each mixture by using the thickness
requirements given in Table 4.38 and cost and environmental impact of concrete mix-
tures for unit volume (given in Table 4.40), and resulting values were presented in

Table 4.41.

Table 4.41 represents that while increasing the cost (up to 35.1%), the use of fibers
reduces the CE (up to 20.9%) caused by the materials used. Besides, in line with the
reduced thickness requirements (see Table 4.38), use of modified mixing methodology
was found to decrease both cost and CE (up to 6.0%) compared to those prepared with

standard mixing methodology.
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Table 4.40. Cost and CE of the unit volume (1 m?®) of concrete.

Mixture Name cE Cost
(kg C02-eq) | §)

Control 257.7 35.7
MS-0-Std 273.8 63.1
MS-0-Mod 273.8 63.1
MS-2-Std 269.2 65.5
MS-2-Mod 269.2 65.5
MS-4-Std 264.6 67.8
MS-4-Mod 264.6 67.8

Table 4.41. Cost and CE of unit pavement area (1 m?) for plain and FRC mixtures.

Change (%) Change (%) CE Change (%) Change (%)
Mixture Cost in Cost in Cost in CE in CE
Name ($/m?*) | Compared to Compared to (ke Crzz—eq Compared to Compared to
Control Standard Mixing fm) Control Standard Mixing
Control 10.1 - - 62.9 - -
MS-0-Std 13.7 35.1 - 59.4 -5.5 -
MS-0-Mod 129 27.0 -6.0 55.9 -11.2 -6.0
MS-2-Std 13.6 344 - 56.0 -11.0 -
MS-2-Mod 129 27.3 -5.3 53.0 -15.7 -5.3
MS-4-Std 13.5 33.2 - 52.7 -16.3 -
MS-4-Mod 12.8 259 -5.5 49.7 -20.9 -5.5

4.6. Structural Behavior of Recycled Aggregate Concrete for Pavements

4.6.1. Mixtures

Control concrete mixture (CStC) was produced using 321.4 kg/m? Portland ce-
ment, 128.6 kg/m’ slag, 85.05 kg/m® and 693.25 kg/m’ natural and crushed sand,
respectively, 476.61 kg/m? No-1 and No-II crushed stone each and 212.14 kg/m?> water
ata w/c of 0.50. in line with the recommendation by Lee et al. [240] for the optimum

cement replacement ratio of slag, 40% of cement, by weight, was replaced by slag in
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the concrete mixture with a total cementitious material content of 450 kg/m?. The
cement equivalence factor of 0.8 for slag. The control concrete was designed to have
a compressive strength of 40-50 MPa. Four recycled aggregate concrete mixtures were
produced by volume replacing both the No-1 and No-11 crushed stone coarse aggregates
in the control concrete by recycled aggregates, which were used as plain (RBA, RCA)
and surface treated (TRBA, TRCA) by slag slurry as given in Table 4.42. A sufficient

amount of SP was added to get a slump of 18 = 2 cm.

To minimize the slump loss due to the high water absorption of the recycled
aggregates, they were first saturated in water for 24 hours and then surface dried
on large sieves for 1 hour. Concrete mixtures of CStC, RBAC and RCAC were cast
according to ASTM C192 [179]; however, a modified concrete mixing method as given
in Figure 4.25 was followed to cast TRBAC and TRCAC mixtures in reference to the
previous studies [130,241,242].

Table 4.42. Mixture ingredients for concrete mixtures (kg/m?).

Concrete Series
CStC | RCAC | TRCAC | RBAC | TRBAC
CemenLA 3214 | 3214 3214 3214 3214
Slag 1286 | 1286 1286 1286 1286
CSt: No LA | 4766 - - - -
CSt: No ILA | 4766 - - - -

Ingredients

RCA:Nol - 423.7 4237 - -
RCA: No II - 4290 429.0 - -
RBA:Nol - - - 367.2 -
RBA: No II - - - 370.7 -
NS A 851 851 85.1 85.1 851
G A 6933 | 6933 693.3 693.3 6933

Water 2121 | 2121 2121 2121 2121
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Figure 4.25. Modified mixing method for the production of treated recycled aggregate

concrete.

4.6.2. Fresh State Properties

eoncrete mixes were cast by using a SP at the required dosage for achieving a
slump of 18+2 cm. The highest amount of SP, by weight of cementitious material, was
used to get the target slump value for este (0.85%) followed by ReAe (0.75%) and
RBAe (0.65%) that may be attributed to the fact that eSt has the lowest roundness
with the highest flakiness index followed by Re A and RBA. The higher the flakiness
index, the greater the surface area to volume ratio and so the water requirement to
produce workable concrete. eoncrete mixes were workable and cohesive, and segrega-
tion was not observed. When Re A and RBA totally replaced the est, the unit weight
of the concrete series decreased from 2410 kg/m? to 2260 kg/m3 and 2120 kg/m3, re-
spectively. There was no change in the fresh unit weight of TRBAe and TReAe due
to the change in the concrete production process. Replacing the crushed stone coarse
aggregate fully with recycled aggregates reduced the fresh density of the concrete up
to 12%, whereas compressive strength values conformed to the limitation for structural

use.

4.6.3. Hardened State Properties

eompressive strength, modulus of elasticity and flexural strength values of all
mixtures were given in Table 4.43, where values given in the parenthesis shows the
standard deviation of test results. eompressive strength and modulus of elasticity test

results presented in the table for este, ReAe, TReAe, RBAe, and TRBAe were
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given for 12, 13, 14, 14, and 13 specimens respectively. On the other hand, flexural

strength tesr results were given for 12 specimens for all the mixtures.

Based on Table 4.43 eompressive strength of concrete mixtures decreased from
45.51 MPa for control concrete (este) and varied between 33.91 and 27.61 MPa for the
recycled aggregate concrete mixtures due to the higher porosity and lower strength of
the recycled aggregates. Among the recycled aggregate concrete mixtures, higher com-
pressive strength was obtained with TRe Ae followed by ReAe, TRBAe and RBAe
having the performance of 75, 69, 66 and 61% of este, respectively. Similarly, modulus
of elasticity of concrete mixtures decreased from 35.51 GPa for este and varied be-
tween 27.14 and 23.44 GPa for the recycled aggregate concrete mixtures. Higher mod-
ulus of elasticity was obtained with TReAe followed by ReAe, TRBAe and RBAe
having the performance of 76, 74, 69 and 66% of este, respectively. Flexural strength
of concrete mixtures decreased from 6.93 MPa for este and varied between 4.70 and
3.96 MPa for the recycled aggregate concrete mixtures. Higher flexural strength was
obtained with TRe A e followed by ReAe, TRBAe and RB A e having the performance
of 68, 66, 61 and 57% of este, respectively.

Table 4.43. Mechanical properties of concrete mixtures.

Concrete Compressive Strength Modulus of Elasticity Flexural Strength
Mixtures | Average (MPa) | Change (%) | Average (GPa) | Change (%) | Average (MPa) | Change (%)
CStC 4551 (3.87) - 3551 (0.90) - 6.93 (0.63) -
RCAC 3142 (3.17) 31 26.2 (1.16) 26.2 454 (0.28) 345
TRCAC 3391 (2.95) 255 27.14 (0.82) 236 47 (0.27) 322
RBAC 2761 (2.35) 393 2344 Q79) 340 3.96 (0.20) 429
TRBAC 29.85 (1.93 344 2441 (0.67) 313 422 (0.21) 39.1

4.6.4. Structural Analyses

Structural analyses of the pavements were realized in two parts as analyses for
constant slab thickness of 15 cm and analyses to determine the slab thickness required

to resist 1 million load repetition.
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Material properties used in design are given in Table 4.44. It should be noted
here that to obtain flexural strength values for 4-point bending test configuration (from
3-point bending test results), measured flexural strength values were modified based
on the [243] recommendation (4-point flexural strength = measured 3-point flexural
strength / 1.20). In addition, LTE (%) values are given foran effective slab thickness
of '11.25 cm (15 x 0.75 cm)', these values are modified to use in variable slab thicknesses

used in the second part (required thickness for 1 million load repetition) of the analyses.

As the last column of the Table 4.44 illustrates, significantly decreased LTE
(%) values were found for recycled aggregate concrete mixtures (= 22% reduction
for RCAC, = 38% reduction for RBAC). Since the largest aggregate sizes for control
and recycled aggregate mixtures are kept same (16 mm), reduced LTE (%) values for
recycled aggregate concrete mixtures can be attributed to the lower Los Angeles abra-
sion and higher shrinkage (that increases the crack width) values of recycled aggregate

mixtures compared to virgin ones.

4.6.4.1. Results for Constant Pavement Thickness of 15 cm. For all of the concrete

mixtures tested in this study, stress and deflection analysis was done for a constant
thickness of 15 cm. The analyses were done for single and tandem axle load cases and
for two different foundation support conditions, as 100 and 200 MPa/m. Illustrations
for the stress and deflection analysis results are given in Figure 4.26, and maximum

stress and defl.ection values for all the cases were given in Table 4.45.

Table 4.45 shows that maximum stress and defl.ection values were decreased with
increasing stiffness of the foundation that supports the pavement. Additionally, in-
creasing foundation stiffness has a higher effect for maximum deflection values (57 -
64 %), compared to maximum stress values (12 - 15%). Furthermore, for the axle load
values considered in the analysis (100 kN for single axle and 180 kN of tandem axle),
significantly lower maximum stress values were found for tandem axle load cases, but

similar maximum deflection values were found for both types of the axle loads.
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Table 4.44. Material properties used in analyses.

Modulus of | Fresh State | Flexural | Shrinkage | erack Width
eoncrete LTE
Elasticity Density Strength | Strain (SS) (SSx4500)
Series (%)
(GPa) (kg/m?) (MPa) (x10-6) (mm)
este 35.51 2410 5.78 300 1.35 85.1
ReAe 26.20 2260 3.78 450 2.03 66.5
TReAe 27.14 2260 392 450 2.03 66.5
RBAe 23.44 2120 3.30 600 2.7 52.5
TRBAe 2441 2120 3.52 600 2.7 52.5

The results given in Table 4.45 also show that the use of different concrete mix-
tures results in different maximum stress and maximum deflection values. Maximum
stress values for both RCAC and RBAC mixtures were 5-8 % lower, respectively, com-
pared to CStC mixture. On the other hand, maximum deflection values were found to
be 21-38 % higher for the recycled aggregate concrete mixtures. Additionally, slight
increase in maximum stress and a slight decrease in maximum deflection values were
found for treated RCAC and RBAC mixtures, with respect to untreated versions. In
the previous studies [46,105], similar results were attributed to decrease in elastic mod-
ulus of slab, as decreased stiffness increases the deflection and decreases the stress that
occurs in the slab. But, it is worth noting that different joint stifftness (or LTE) values
were calculated for different concrete series with different mixture ingredients. There-
fore, the overall results commented here are due to the combined effect of change in
both slab and joint stiffness (or LTE). Although, decrease in maximum stress value is
advantageous for the design in terms of fatigue failure analysis, increase in maximum
deflection has an inverse impact on the design for faulting (erosion) failure analysis.
Additionally, the effect of thermal gradient on the stress calculations were not con-
sidered in this study to simplify the analyses and evaluation of the results. Similar,
higher and lower thermal expansion coefficient values were reported in previous studies
for recycled aggregate concrete mixtures compared to virgin aggregate ones [244-246].
It is worth noting here that pavement stress values are increasing with an increased

thermal expansion coefficient of pavement material [246,247].
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Table 4.45. Stress and deflection values for 15 cm slab thickness.

Concrete Single Axle (SA) Tandem Axle (TA)
) k = 100 MPa/m k =200 MPa/m k = 100 MPa/m k = 200 MPa/m
Series Max Max Max Max Max Max Max Max
Stress | Deflection | Stress | Deflection | Stress | Deflection | Stress | Deflection
(MPa) (mm) (MPa) (mm) (MPa) (mm) (MPa) (mm)
CStC 3.33 0.70 2.89 0.44 245 0.66 215 0.40
RCAC 3.14 0.85 2.72 0.54 231 0.80 2.05 0.49
TRCAC 3.16 0.84 2.74 0.53 2.32 0.79 2.06 0.48
RBAC 3.07 0.96 2.66 0.61 2.26 0.89 2.00 0.55
TRBAC 3.09 0.95 2.68 0.61 2.27 0.89 2.02 0.55

Maximum stress and maximum deflection values discussed above are important
parameters that represent the structural behaviour of pavement slab. On the other
hand, in the design procedures, instead of these two parameters, stress ratio (SR)
(applied flexural stress/flexural strength) and power (P) (rate of work) parameters are
used for the fatigue and faulting analysis [72, 84]. Therefore, SR and P values are alsa
calculated in this part, and presented in Figure 4.27 and Figure 4.28 respectively, for all
of the mixtures and loading cases. As previously explained, the SR parameter includes
the effect of not only the flexural stress occurring in the slab but alsa the flexural
strength of the pavement material. On the other hand, the P parameter includes the

effect of maximum deflection and pavement support characteristics.

As stated above, due to their lower stiffness values, lower maximum stress values
are found for recycled aggregate mixtures, and it is an advantage for the fatigue design.
But, Figure 4.27 clearly demonstrates that for all types of the recycled aggregates higher
SR (flexural stress / flexural strength) values were found for recycled aggregate concrete
mixtures. Therefore, in terms of fatigue failure analysis, the effect of decrease in flexural
strength was found to be higher compared to the effect of decrease in maximum stress.
Furthermore, it can be seen from Figure 4.28 that higher P values were obtained for
recycled aggregate concrete mixtures, and the amount of increase in the P value (with
respect to CStC mixture) is found to be higher for RBAC mixtures. As an addition, for
the treated recycled aggregate mixtures (TRCAC and TRBAC) slightly decreased SR

and P values were found, compared to their untreated versions (RCAC and RBAC).
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Figure 4.26. Results for (a) stress (at the bottom plane of the concrete slab), (b)
deflection (at the construction joint) analyses of 15 cm CStC slabs under 100 kN of

dual wheel single axle loadings (for 100 kN/m support stiffness) (not to scale).

When Figure 4.27 and Figure 4.28 are examined together, it can be said that
increase in foundation support value decreases both the SR and P. As previously stated,
the effect of increase in foundation support was found higher for maximum defl.ection,

compared to maximum stress.

On the contrary, when the foundation support increased from 100 MPa/m to
200 MPa/m, the amount of decrease in SR values was found to be higher (13-15%),
compared to decrease in power values (3-10%), depending on the mixture and loading
condition. Based on the results, an increase in foundation stiffness was found more

pronounced for fatigue failure, compared to faulting failure.

4.6.4.2. Required Thicknesses for 1 Million Load Repetition. in this part, pavement

thickness required to resist 1 million cycles of single or tandem axle loadings are deter-
mined and presented in Table 4.46. Results given in Table 4.46 show that depending
on the type of the load and support condition, pavement thickness required to resist 1

million cycles of load changes from 12.5 cm to 23.0 cm.
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Figure 4.27. Stress ratio (SR) values for 15 cm slab thickness.
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Figure 4.28. Power (P) values for 15 cm slab thickness.

Compared to control mixture, recycled concrete aggregate mixtures require 10-
40 % larger pavement thickness to resist 1 million cycles of axle load applications.
Additionally, a higher (20 - 40 %) increase in the required pavement thickness was
found for RBAC mixtures compared to (10 - 30 %) increase in RCAC mixtures. On
the other hand, negligible amount of decrease in required pavement thickness (both for
fatigue and faulting failure cases) was found for treated recycled aggregate concrete
mixtures, which can be attributed to slight increase in flexural strength (advantageous
for fatigue failure analysis) and modulus of elasticity (advantageous for faulting failure

analysis) obtained with slurry treatment.
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Table 4.46. Required thickness (cm) values to resist 1 million cycle of single and

tandem axle loads.

Concrete Single Axle (SA) Tandem Axle (TA)
Series k = 100 MPa/m k = 200 MPa/m k = 100 MPa/m k = 200 MPa/m
Fatigue | Faulting | Fatigue | Faulting | Fatigue | Faulting | Fatigue | Faulting
CstC 165 165 150 165 135 165 125 155
RCAC 215 190 195 185 175 185 160 175
TRCAC 210 185 200 185 170 185 155 175
RBAC 230 200 210 200 190 200 170 190
TRBAC 225 200 205 195 185 200 165 190

For the single axle load case and CStC mixture, thickness requirement for faulting
was found similar to the thickness requirement for fatigue. But for the other cases of
single axle loading, the thickness requirement to allow 1 million cycles of load repetition
was higher for the fatigue case. However, for the tandem axle loading case, higher
thickness values were found for the faulting compared to fatigue case. Therefore, for
the considered design cases, tandem axle loading configuration was found to be more
critical for faulting analysis and single axle loading configuration was found to be more

damaging for fatigue failure analysis, which was also stated in previous reports [72,105].

Additionally, as in the 15 cm constant thickness case, the effect of increase in
foundation stiffness was found to be higher for the fatigue failure analysis case for

almost all of the mixtures compared to faulting failure analysis case.

In the end, required thickness values given in Table 4.46, for the single axle
loading and 100 MPa/m foundation support case, were used to calculate the amount
of materials required to produce 1lane and 1km of pavement. First, required thickness
values given for fatigue and faulting analysis cases were compared for each mixture,
and higher one was used in calculations. Then, in order to determine the amount of
concrete required to produce 1 km (1 lane) pavement, these values were multiplied by
the length (1 km) and width (3.6 m) of the pavement for each of the mixtures, and the

results were given in Table 4.47.
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Table 4.47. Materials required to produce 1 lane and 1 km pavement (tons).

Ingredients CStC | RCAC | TRCAC | RBAC | TRBAC
Cement 1909 | 24838 243.0 266.1 260.3
Slag 76.4 99.5 97.2 106.5 104.2

No-I (4-8 mm) 283.1 | 3279 3203 306.9 300.3

No-II (8-16 mm) | 283.1 | 3320 3243 304.0 2974
Crushed Sand | 411.8 | 536.6 524.1 574.0 561.5

6 Natural Sand 50.5 65.8 64.3 704 68.9

7 (3+4) Total Coarse 566.2 | 659.9 644.6 611.0 597.7
8 (5+6) Total Fine 4623 | 6024 588.4 644.4 630.4

G| W[ =

As seen in Table 4.47, the amount of each ingredient, required to resist the same
number of load repetition, was found higher for recycled aggregate concrete mixtures,
compared to virgin aggregate mixtures, which can be attributed to increase in the
required thickness values. In this respect, a huge amount of virgin coarse aggregate
can be replaced with recycled aggregates, which protects both natural raw materials
and landfill areas. However, recycled concrete mixtures also require a higher amount
of virgin fine aggregates. Besides, the use of recycled concrete pavements, which need
more cement for the similar performance, might be disadvantageous, since the signif-
icant portion of the environmental impact of concrete stems from the cement used in

the production of concrete [46,248].

Additionally, cement is the ingredient of concrete that contributes most to the
material cost. To illustrate, for 2020, while the cost of cement in the U.S.A. was
reported as 124 $/tonne, it was given as 12.2 $/tonne and 9.6 $/tonne for crushed
stone and sand gravel (average) aggregates, respectively [228]. Prices given for the
U.S. demonstrate that the increase in the use of cement considerably increases the
total cost of concrete. On the other hand, since production of recycled aggregates from
construction wastes also requires a considerable amount of effort, it only marginally
decreases the aggregate cost, currently. As Table 4.47 illustrates, while reducing the
virgin aggregate requirement, recycled aggregate concrete pavements require higher

amounts of cement to achieve similar structural performance with virgin aggregate
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concrete. Therefore, for the current situation, use of recycled aggregate can also be

disadvantageous in terms of cost.

In contrast, due to the scarcity of earth resources and increasing demand of the
construction industry, virgin aggregate costs are increasing in most of the countries.
For example, between 2010 and 2020, 42% and 31 % increase in crushed stone
and sand gravel (average) costs were reported [228], respectively. Besides, there is
a tendency to increase in aggregates prices for the upcoming years, which will make

recycled aggregates more attractive in terms of cost in the future.

To sum up, despite the presented environmental impact and cost disadvantages
of recycled concrete pavements that occur due to the requirement of higher amounts
of cement to achieve similar performance, recycled aggregate concrete pavements can
still be a viable alternative for countries with limited natural resources and landfills.
Additionally, results given here are valid for the recycled coarse aggregate types and
amounts used in this study, as well as applied treatment method. Different results could
be obtained with different recycled aggregate sources and amounts, as well as applica-
tion of different treatment methods explained in the introduction part. To illustrate the
point, Shi et al. [154] compared the mechanical properties and field performance of re-
cycled and virgin aggregate concrete mixtures (for similar slab size (3.5 m x 4.6 m) and
replacement level with current study), and they reported much closer performance pa-
rameters (compared to current study) for those two kinds. In another study [249] that
compares the field performance of recycled and virgin aggregate pavements, consider-
ably decreased performances for the most of the recycled aggregate concrete pavement
sections were reported; however, in the study comparable performances for some other
types of aggregates. These kinds of conflicting results can be mainly attributed to the

differences in the properties of the recycled aggregates used.
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Table 4.48. Ingredients of the mixtures for 1 m’ concrete.

Ingredients (kg) | NAC | RAC - 50 | RAC - 100
Cement 380.0 380.0 380.0
CSt: No LA 4123 206.2 -
CSt: No ILA 618.5 309.2 -

RA:Nol - 183.3 366.5
RA: No il - 278.3 556.6
cs_A 558.1 5581 558.1
NS A 272.8 272.8 272.8
Water 171.0 171.0 171.0

4.7. Joint Performance of Recycled Aggregate Concrete for Pavements

4.7.1. Mixtures

3 different concrete mixtures were designed in this study as follows: one control
mixture without recycled aggregates (NAC), one mixture with 50% recycled coarse
aggregate (RAC - 50), and one mixture with 100% recycled coarse aggregate (RAC
- 100). For all the concrete mixtures, fine aggregates were used as 100% natural
aggregates (CS and NS). Compositions of concrete mixtures corresponding to unit

volume (1 m’) of concrete were given in Table 4.48.

4.7.2. Physical Tests

Average values of density, absorption and porosity with the standard deviations
were presented in Table 4.49 for 6 specimens. Increasing the replacement amount of
virgin coarse aggregate with recycled aggregates increased the porosity (up to 40.5%)
and absorption (up to 51.8%) while it decreased the density (up to 7.1%). in terms of
mentioned physical properties, RAC-100 was found to be more disadvantageous than
RAC-50 compared to NAC. The results were found consistent with the ones given in
the literature [250-252], and they might be attributed to the lower densities and porous

structures of recycled aggregates used in the mixtures (RCA-50 and RCA-100).
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Table 4.49. Average density, absorption, and porosity test results.

Absorption Bulk density, Bulk density

. Apparent Porosity

Mixture after dry after immersion
density (g/cm?) (%)
immersion (%) (g/cm?) (g/cm?)

NAC 5.38 (0.16) 2.32 (0.00) 2.44 (0.00) 2.65 (0.0 12.60 (0.36)
RAC - 50 6.82 (0.19) 2.23 (0.02) 2.38 (0Q) 2.63 (0Q]) 15.31 (0.35)
RAC - 100 | 8.16 (0.18) 2.15 (00l 2.33 (00)) 261 (00 17.70 (0.30)

4.7.3. Abrasion Resistance

The average mass loss values of the concrete mixtures were presented in Ta-
ble 4.50, along with the standard deviations and relative increment (%) in mass loss
compared to the control mixture (NAC). Even though a slight increase in mass loss
(as an indication of abrasion resistance) was found for RAC-50 compared to NAC,
a considerable increase in the mass loss was found for RAC-100. Moreover, to see
whether the obtained differences in abrasion values are statistically significant, t-tests
were performed to compare the results. As a result of t-tests, p-values for the pairwise
comparisons of NAC vs. RAC-50, NAC vs. RAC-100, and RAC-50 vs. RAC-100
were found as 0.39, 0.02, and 0.03, respectively. The results represent that though
the difference in mass loss between NAC and RAC-50 is not statistically significant
(0.39 > 0.05), the difference is significant for the pairwise comparisons of NAC vs.
RAC-100, as well as RAC-50 vs. RAC-100. Therefore, partial replacement of coarse
virgin aggregates with recycled aggregates seems to be a good alternative to reduce

the loss in abrasion resistance.

Table 4.50. Abrasion resistance test results.

Mixture Mass Loss (%) | Change (%)
NAC 114 (0.5) -

RAC - 50 11.7 (0.4) 3.1

RAC - 100 12.9 (0.5) 13.8




results.
Mixture Compressive Strength | Modulus of Elasticity Flexural Strength
Average | Reduction | Average | Reduction | Average | Reduction
(MPa) (%) (GPa) (%) (MPa) (%)
NAC 53.1 (0.7) - 30.1 (0.6) - 7.08 (0.45) -
RAC -50 | 46.7 (14) 12.1 279 (0.8) 7.3 6.37 (0.07) 10.0
RAC - 100 | 41.3 (1.5) 222 26.0 (0.7) 13.6 5.58 (0.18) 21.2
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Table 4.51. Compressive strength, modulus of elasticity, and flexural strength test

4.74. Quasi-Static Test Results

Compressive strength, modulus of elasticity, and flexural strength values, all as
an average of the results for three specimens, were given in Table 4.51, where values
given in the parenthesis shows standard deviation of the results, and reduction (%)
values were given compared to control (NAC) mixture. The standard deviation and
relative strength reduction (%) values compared to the control mixture (NAC) were
also presented. As explained above, Poisson's ratio was also measured for each mixture
on one of the cylindrical specimens, and the values were found as follows: 'NAC=0.21,

'RAC-50 = 0.20', and 'RAC-100 = 0.21".

Results in Table 4.51 represent that the mechanical performance parameters mea-
sured in the mixtures were found lower for the mixtures that include recycled aggre-
gates, which is consistent with the relevant studies [253-255]. The reduction in me-
chanical performance was double for RAC-100 compared to RAC-50. in addition, the
reduction in compressive and flexural strength values due to replacing virgin coarse
aggregates with recycled aggregates was found to be higher than that in modulus of

elasticity.

4.7.5. Cyclic Shear Tests

Peak differential displacement, the difference between the maximum and min-

imum displacement (average of 4 LVDTs measurements) measured in a cycle, is an
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indication of the post-cracking shear performance of concrete. Basically, lower peak
differential displacements under the same load magnitude are associated with better
load transfer, as it means that the displacement that occurs under the same load mag-
nitude is low. Since '+3.2 kN' was applied in each cycle in this study, peak differential
displacement in a cycle was calculated as the difference between the average of 4 LVDTs

measurements at '+3.2 kN' and '-3.2 kN'.

Cycle number - peak differential displacement relationships for all the crack
widths tested in this study (0.2 mm, 0.5 mm, 1.0 mm, and 1.5 mm) were presented in
Figure 4.29 for NAC, RAC-50, and RAC-100 mixtures. Figure 4.29 represents that
for all the crack widths and concrete mixtures increase rate in the peak differential dis-
placement (as an indication of shear degradation rate) is higher at the beginning of the
cyclic shear load application compared to following cycles. Besides, the rate of change
decreases in a few cycles, and it stabilizes over time and goes to 500 cycles at a con-
stant rate. Similar tendencies for the post-cracking cyclic shear degradation were also
reported in Thompson [112] and Arnold et al. [113]. Additionally, despite some slight
differences, the change in peak displacement values (an indicator of shear degradation
rate) was found similar for both initial and subsequent cycles for control and recycled
aggregate concrete mix up to 500 cycles (maximum number of cycles applied in this
study). However, though it is not covered in this study, lower abrasion resistance of
recycled aggregates may lead to early failure of recycled aggregate concrete specimens
compared to virgin ones. Since this is an important issue in terms of pavement joint
life, further studies are required to test the hypothesis and to determine the extent of

the difference in the number of cycles for failure numerically.

Moreover, average peak displacement values obtained at 500 cycles were given in
Figure 4.30 which shows the dependence of the post-cracking shear performance on the
width of the crack and aggregate type used. As seen in Figure 4.30, considerable incre-
ments in peak differential displacements were obtained with increasing crack width. In
addition, for all the crack widths, the highest average peak differential displacements

were obtained for RAC-100, while the lowest values were obtained for NAC.
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Figure 4.29. Cycle number - peak differential displacement relationships for different
crack widths up to 500 cycles: (a) 0.2 mm, (b) 0.5 mm, (¢) 1.0 mm, (d) 1.5 mm.

Additionally, regression analyses were done to determine the relationship between
crack width and peak differential displacement at 500 cycles for all concrete mixtures.
The resulting regression curves were given together with their equations in Figure 4.31,
which shows the effect of crack width anda varying amount of recycled aggregate usage
on the peak differential displacement of concrete mixtures. it can also be inferred from
the figure that increasing the amount of recycled aggregate increases the peak differ-
ential displacement of concrete mixture, and crack width has a considerable impact on

the obtained displacement values.

To compare the obtained average values and to see whether the difference ob-
tained for 500 cycles is statistically significant or not, t-tests were also carried out,
and the resulting p-values (indicate the significance of the obtained differences) were
presented in Table 4.52. Given values represent that for most of the crack widths, the
differences in peak differential displacement values of different concrete mixtures were
statistically insignificant except for the pairwise comparison of the concrete mixtures
of NAC and RAC-100. Une of the main reasons behind this outcome is the large

variation of the test results, making it hard to distinguish the obtained average values.
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Figure 4.31. Crack width - peak differential displacement regression equations.

Testing a higher number of test specimens might be beneficial to distinguish the
concrete mixtures for further studies. However, testing a single concrete specimen re-
quires a considerable amount of time and afford with the test method used in this study.
Therefore, the development / use of alternative test methods might be recommended

for further studies.

Furthermore, in order to represent peak differential displacement values obtained
at 500 cycles in a single equation as a function of crack width and recycled aggregate
replacement level, linear model fitting tool (fitlm(independent variables (crack width
and replacement amount of recycled aggregates), dependent variable (peak differential

displacement))) of Matlab [231] was used and equation is obtained as
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0.34876 x RA
100 :

where Opeake shows estimated peak differential displacement, CW represents crack

Opeake = - 0.70717 + 0.46742 x e +

(4.3)

width (mm), and RA is the ratio ofrecycled coarse aggregates to total coarse aggregates
in percent (between O- 100). Besides, the coefficient of determination (R?), which
indicates the percentage of the variance in the dependent variable (where Opeake shows
estimated peak differential displacement, CW represents crack width (mm), and RA

is the ratio of recycled coarse aggregates to total coarse aggregates in percent (between

O- 100).

Table 4.52. P-values obtained from t-tests for different comparison cases.

Compared Concrete Crack Widths (mm)
Series 0.2 0.5 1.0 15
NAC & RAC-50 0.22 0.03 0.11 0.21

NAC & RAC - 100 0.05 | 0.04 | 0.03 | 0.10

RAC-50 & RAC- 100 | 0.19 0.37 0.12 | 0.80

00 02 04 06 08 10 12 14 16 18 2.0 2.2
Peak Differenlial Displacemeni (measured) (miu)

Figure 4.32. Relationship between measured (experimentally) and estimated (using

the proposed equation) peak differential displacements.

Moreoever, the coefficient of determination (R?), which indicates the percentage

of the variance in the dependent variable (dpeake) that can be explained by the inde-
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pendent variables (CW and RA) was obtained as 0.892. The higher the coefficient
of determination, the more accurate the estimated equation. According to the litera-
ture [256], it can be assumed that the coefficient of determination is sufficiently high
and statistically significant; hence the estimated equation can be used to represent the
experimentally obtained results with reasonable accuracy. This can be seen in Figure
4.32, which shows the relationship between the experimentally obtained (measured)
and estimated (by the equation given above) peak differential displacements, as most

of the <lata points fall close to the identity line (y=x).



127

5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Variation in Concrete Fatigue Tests

In the scope of the conducted study, monotonic and cyclic 4PBT, as well as DPT
were carried out for two different concrete mixtures (W60 and W45). Based on the

obtained results, following conclusions were drawn:

« For the monotonic test results, lower variations were obtained for DPT results
compared to 4PBT which support the DPT literature.

 According to the analyses carried out for the cyclic test results, though the normal
distribution assumption was found questionable for some of the test cases, Weibull
distribution fit well for all the cases. For both normal and Weibull distribution
assumptions lower variations were obtained for DPT, compared to 4PBT.

+ As a result of the conducted t-tests, statistical difference (in terms of the cyclic
load performance of tested concrete series) was found for one of the comparison
cases (DPT with 75% maximum stress ratio), but no statistical difference was
found for the other 3 test cases considered in this study. Better performance
obtained for W60 for the mentioned case supports the literature that says the
cyclic loading performance of concrete decreases with increasing strength.

o For all the cyclic test cases (two stress levels and two concrete types), average
cycle numbers were found lower for DPT compared to 4PBT and the result was
attributed to the difference in the cracking mechanisms of these two tests.

 Cyclic creep curves showed that the fatigue failure occurs in 2 and 3 visible stages
for DPT and 4PBT, respectively. Observed difference was attributed to different
stress distributions occur in the cracking surfaces of these two tests.

+ A strong correlation was found between the variation in results and the change
in allowable number of repetition with the change in reliability level. Based on
the obtained correlation, the amount of change in allowable number of repetition

with increasing reliability level was found to increase with increasing variation.
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o When the calculated variations were compared with the previous studies on flex-
ural fatigue performance on concrete, considerably better (lower) variation values

were found for DPT.

Overall, the presented paper shows that the fatigue performance of concrete under
tensile stresses might be measured by cyclic DPT with lower variations compared to
4PBT, which is widely used to examine the tensile fatigue performance of concrete.
Reduced variation in the test results leads to two main benefits: reduction in the
number of specimens that should be tested to obtain representative model for the
fatigue performance of examined concrete, and reduction in the change in number of

allowable load repetition for the change in reliability level.

On the other hand, based on the results of the current study, number of cycles
that could be resisted for DPT and 4PBT are significantly different from each other,
due to the change in cracking mechanisms of those tests. If the fatigue performance
of concrete under bending is interested, equations that define the relationship between
these cases should be developed to use the results of the cyclic DPT in design. An
equation that shows the relationship between cyclic DPT and 4PBT has been presented
in this paper by considering the <lata obtained from this study, and importance of doing
further studies to check the validity and / or to improve the fitness of the equation
has been emphasized. However, without doing these studies cyclic DPT might still be
used to compare the fatigue performance of different concrete types (with less specimen

compared to cyclic bending test).

Lastly, in the preliminary study carried out, it was noticed that the roughness of
the specimen surface and the rotation ability of top loading head might significantly
affect the variation of the test results (both lead to eccentricity and stress concentra-
tion), especially for the cyclic tests. Therefore, abrasion of the specimen surfaces with
suitable abrader and regular lubrication of the rotating top platen (which is also rec-
ommended by Colgrove and Chen [69]) have crucial importance to obtain DPT results

with lower variations.
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5.2. Effects of Stress Reversal on Flexural Fatigue Life

Concrete pavements are subjected to reversal tensile stresses due to the changing
temperature differential from day to night hours. Even though it is a common issue
for concrete pavements and considered in recently published design guides, varying
approaches are provided in different design codes which is mainly due to the lack of
empirical data. While some design guides reduce the number of allowable cyclic stresses
in one direction due to the cyclic stresses applied in the opposite direction, some others
not. in this study, a novel beam testing methodology was developed to examine the
effect of stress reversal occurs in concrete pavements on the fatigue life of concrete. By
using the method developed and ordinary one, the effect of stress reversal on the fatigue
life of concrete beams were experimentally measured and the results were discussed.

Based on the results of the study following conclusions were drawn:

o The average number of cycles that can be resisted under fatigue loading was
found much higher (= 5 times) for 75% maximum stress level compared to 85%.

o Weibull distribution function was found suitable for all the cyclic loading data sets
obtained in this study, and the number of specimens failed in the first part of the
two-way loading was validated the suitability of fitted distribution (approximately
30% of specimens failed under the applied cyclic loads, as expected).

o Due to the cyclic loading applied in the opposite direction (first part of the two-
way cyclic loading), average number of cycles that can be resisted was found to
decrease 29.8% and 33.4%, for 85% and 75% maximum stress levels, respectively.
Similar reduction in the eyde numbers were seen in Wohler curves prepared (by
assuming Weibull distribution) for one-way and two-way loading.

 Considerably higher variation values were found for two-way cyclic loading com-
pared to one-way, and it was hypothesized that the loading applied in the first
direction is the source of the increased variation. On the other hand, further
studies were recommended to check the validity of proposed hypothesis.

» Based on the experimental results, for all the design cases considered ('6 design

cases’ = 2 stress ratio' x '3 reliability level’) allowable load repetition values
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calculated according to IRC 58 [8] and AASHTO MEPDG [8] design guides
were found on the unsafe side. Since these guides do not consider the reduction in
fatigue performance of concrete in one direction due to cyclic loading applied in
the opposite direction, which is found as an outcome of this study. For the latest
version of IRC design guide [84], both safe (for higher reliability levels) and unsafe
(for lower reliability levels) values were calculated for allowable number of load
repetitions, and the unsafe results were attributed to the inconvenience of linear
fatigue damage rate assumption used in IRC 58 [84] approach. Therefore, further
studies were recommended to develop new approaches that better represent the
effect of stress reversal on the fatigue life of concrete pavements, and to check
the validity of obtained results, as well as given comments for different concrete

types and design (stress level) cases.

Furthermore, the specimens failed in the first part of the two-way loading were
presumably the weakest ones, which might result in use of relatively stronger specimens
for the second part of the two-way cyclic loading. On the other hand, lower eyde
numbers were measured for them (survived specimens during first part of the two-way
loading) which also supports the outcome of the conducted study that emphasize the
reduction in cyclic loading performance due to the cyclic loads applied in the opposite

direction.

5.3. Effectiveness of Fibers in Concrete Pavement Mixtures

As mentioned in the research significance part, this study has been carried out to
examine the effect of using macro fibers in varying amounts on the overall performance
of concrete pavements, and to investigate the efficiency of fibers in different concrete
pavements. In this respect, answers for the following research questions were found in

this study.

o How the use of macro fibers in varying amounts affects the performance of con-

crete pavements (from structural to economic and environmental aspects)?
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« How the efficiency of fibers changes when used in different concrete matrices

commonly employed for pavement construction?

Based on the results of the carried out experimental and numerical studies fol-

lowing conclusions were drawn:

o For the plain concrete mixtures examined in this study, though mechanical prop-
erties of RCC were found similar to NSC, its physical properties were found much
closer to HSC mixture, and these results were attributed to the similar water to
cement ratios of RCC and HSC. Although the lowest thickness values were ob-
tained for HSC, lowest cost and environmental impact values were found for RCC,
which was attributed to the absence of reinforcement and lower cement dosage
of RCC mixture.

« For the types and amounts of fibers used in this study, no significant differences
were observed for FRC mixtures in terms of strength, stiffness, absorption, and
porosity values. On the other hand, higher abrasion resistance and post-cracking
flexural performances were found for FRC mixtures.

« RFS ratio values (a good indicator of effectiveness of fibers and a parameter used
in thickness design of FRC pavements) for PPF was found similar for all concrete
matrices considered in this study (NSC, HSC, and RCC). However, the values
were found higher for SF in NSC and RCC mixtures compared to HSC mixture,
which shows the dependence of the obtained performance to the concrete matrix
properties.

o The use of both SF and PPF leads to a decrease in required thickness values in
considerable amounts, based on the post-cracking performance of the mixtures.
In line with the obtained post-cracking performance, the amount of decrease in
the thickness requirement was found to increase with an increase in the amount

of fiber used.
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o For the PPF used, decreased emission values were obtained with an increase in
the amount of fiber used, but varying results were obtained for SF by changing
the fiber amount. Despite the decrease in required pavement thickness, increased
material cost values were found for FRC mixtures, and amount of increase in the
cost was found to be dependent to not only type and amount of fiber used but
also the type of concrete mixture. For all cases, increased material costs were

obtained with increasing fiber amount.

In the end, it is worth noting that the cost and environmental impact values
reported in this paper are dependent to the sources that are obtained and reported in
the text. Cost of the materials may significantly alter from country to country, which
may have a considerable impact on the results. Additionally, based on the production
procedures and raw materials used, emission values for not only fibers but also cement
and aggregates might be changed, and different results can be obtained. However,
since this study numerically presents that in which way the use of different types and
amounts of fibers impacts the performances of concrete pavement mixtures, and how
use of different fiber amounts affects the resulting performances, the results will be very
beneficial for the further construction and academic works on FRC pavements. Further
studies can be carried out to see how the use of different types of fibers with different
raw materials and surface properties may affect the performance of the mixtures, and

how local conditions may affect the results.

Furthermore, this study was carried out by using / considering the virgin polypropy-
lene and steel fibers, both require considerable energy and raw materials during their
production, resulting in higher cost and environmental impact. On the other hand, con-
siderable improvements in the post-cracking performance of concrete were reported in
previous studies for recycled steel and polymeric macro fibers [257-260], which might
be considered to further increase the benefit obtained from the fibers, by means of
structural performance, cost, and environmental impact. Additionally, material tech-
nologies are changing and developing gradually, and the companies are working on

strategies to decrease cost and carbon footprint of the materials they provide (consid-
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ering environmental issues, carbon taxes, ete.), which in the future will probably result

in better overall performance for fiber-reinforced materials.

5.4. Effects of Fibers on the Joint Performance of Concrete Pavements

In the scope of this study, 3 different concrete mixtures (PC, FRC - 0.5, and
FRC - 1.0) were designed and tested for basic mechanical properties, as well as the
post-cracking shear performance. Based on the obtained results following conclusions

were drawn:

» Compressive strength, modulus of elasticity, and flexural strength of plain and
fiber reinforced concrete mixtures were found very similar, with some marginal
changes.

o Increasing post-cracking flexural performance values were found for FRC mixtures
with the increasing amount of fiber usage.

+ Peak differential displacement values were found to increase with the application
of cyclic shear loading, which is an indication of degradation under cyclic loading.
However, the rate of degradation was found much higher for a few of initial
cycles, compared to following cycles, which is found consistent with the relevant
literature.

o Width of the crack was found as an important parameter that affect the shear per-
formance of concrete, and the use of polypropylene fibers with increasing amount
was found to improve the shear performance of concrete in each crack widths.
Besides, a tendency to increase in shear performance due to addition of fibers
was observed with increasing crack widths.

» Due to the large variation of test results, t-test was not able to distinguish the
performance obtained for concrete mixtures, for most of the shear performance
comparison cases. By emphasizing the difficulty of test method, testing of larger
number of specimens to distinguish the concrete series with the employed testing

methodology was recommended.
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» Based on the experimental results numerical models that define the relationship
between crack width and peak differential displacements for all fiber volume ratios
OO, 0.5, and 1.0 %vol.). Besides, a model was proposed to define the relationship
between crack width - fiber amount and peak differential displacement. For all
the models, correlation coefficients for measured and estimated values were found

reasonably high.

Based on the results obtained for the post-cracking shear tests, it could be said
that the use of polypropylene fibers improves the performance of concrete, under shear
stress application. It should be noted here that the obtained results, and proposed
models are dependent on the properties of fibers and concrete mixtures used in this
study. To propose a model that covers various fiber types (in terms of material, length,
surface properties) further studies might be carried out. Additionally, the post-cracking
shear performance measurements was done by using small-scale specimens, and further

studies to validate the results in large scale are needed.

The test method employed in this study is difficult the apply and results in con-
siderable variations, which makes hard to distinguish the performances of concrete mix-
tures, and suggestion of design guides. Therefore, further post-cracking test method-
ologies, which are easy to apply and gives less scattered results, might be developed to

overcome this problem.

As well as the previous studies carried out in this issue, results of the current
study showed that the crack width is an important parameter that affect the post-
cracking shear performance of concrete. Since fiber can reduce the crack width in
pavement joints due to improved cracking performance (restrain the widening of joint
cracks), which might indirectly improve the shear performance of concrete pavements,
as emphasized previously in Thompson [112]. Moreover, shrinkage of pavement slabs
(in addition to temperature) is one of the largest contributors of the joint crack width,
and it was reported in previous studies that the use of fibers might be an efficient

way to reduce the shrinkage [261-265]. Therefore, fibers might further improve the
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shear performance by reducing crack width caused by shrinkage. it was reported in
previous studies [263, 266] that the fibers with low diameters and large lengths are
especially effective in controlling shrinkage cracks. Therefore, combined use of micro
and macro fibers might be considered the further improve the joint performance of

concrete pavements.

This study demonstrates that the use of polypropylene fibers improves the post-
cracking performance of concrete for similar crack widths. Besides, in the literature it
was reported that the use of fibers might reduce the crack widths in pavement joints
due to reduced shrinkage, as well as provided resistance against the opening of joint
crack widths. Therefore, to fully represent the contribution of discrete fibers to the
performance of concrete pavements, development of new methods that account the
contribution of fibers to the faulting performance of concrete pavement joints is re-
quired. Otherwise, currently available design methods might give unreliable thickness
requirements, especially for the pavements that will carry large number of heavy tan-
dem and/or tridem axle loads (which were reported as more damaging in terms of

faulting failure).

5.5. Two-Stage Mixing Approach to Improve Fiber-Matrix Interface

in the scope of this study, TSMA commonly employed to improve the ITZ of
recycled aggregate concrete mixtures was revisited to improve the performance of FRC,
and efficiency of the implemented methodology has been investigated in its various

aspects. Major outcomes of the presented study were summarized below.

o Compressive strength, modulus of elasticity and flexural strength of the mixtures
prepared with standard and modified mixing methodology was found similar.

« Up to 30.6% increase in RFSR was obtained for the mixtures prepared with mod-
ified mixing protocol compared to those prepared with standard mixing protocol.
Besides, conducted microstructural analyses were found to support the change in

interface characteristics due to implementation of modified mixing methodology.
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 For the case study conducted, depending on the flexural performance obtained,
up to 17.9% reduction in the required pavement thickness was obtained for FRC
mixtures, compared to plain one. Despite increasing the cost (up to 35.1%) use
of fibers was found to reduce the CE in considerable amount (up to 20.9%).
Additionally, use of SF was found to be a way to improve FRC performance and
reduce its cost, as well as CE.

o In line with the reduced thickness requirements, obtained due to higher flexural
performance, up to 6.0% reduction in cost and CE was obtained for the FRC
mixtures prepared with modified mixing protocol, compared to the companion

mixtures prepared with standard mixing protocol.

Based on the results of this primary study, use of TSMA was found to be a
promising technique to improve the FRC performance. However, it should be empha-
sized here that the obtained results are strongly dependent on the fibers used in this
study, and the results may alter for the use of different fibers. Therefore, further stud-
ies are recommended to evaluate the efficiency of the method for fibers with different

raw materials and surface properties.

Fibers used in this study are the ones commercially available, changing the surface
properties to obtain further benefits from TSMA might be considered in the future
studies. Additionally, only SF was considered to improve fiber-matrix interface as a
supplementary material, performance of other cement replacement materials (fly asl,
slag, ete.) might also be studied in the future. Moreover, the mixtures tested in this
study were prepared in laboratory scale, further studies are also needed to examine the

applicability of the method in real scale.
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5.6. Structural Behavior of Recycled Aggregate Concrete Pavements

Based on the results of this study, following conclusions were drawn:

« Concrete mixtures produced with recycled coarse aggregates were cohesive and
workable and didn't show segregation when fresh. Replacing the crushed stone
coarse aggregate fully with recycled aggregates reduced the unit weight of fresh
concrete up to 12%.

o The use of recycled aggregates as a total substitute of crushed stone coarse ag-
gregate resulted in a decrease in the mechanical properties tested in this study.
The amount of reduction in all the performance parameters were found higher
for recycled brick aggregates compared to recycled concrete aggregates. However,
GGBS slurry treating the recycled aggregates improved the mechanical properties
of concrete with increasing statistical reliability.

« Significantly decreased LTE (%) @=22% reduction for RCAC, r=38% reduction
for RBAC) values were found for recycled aggregate concrete mixtures compared
to virgin ones, and the resulting lower values were attributed to lower Los Angeles
abrasion and higher shrinkage values of recycled aggregate concrete mixtures.

 For the constant pavement thickness design case, decreased maximum stress, as
well as increased maximum deflection values were obtained for recycled aggregate
mixtures. However, an increase in SR (used in fatigue analysis) and P (used in
faulting analysis) values was observed for all the recycled aggregate mixtures.
Besides, all these results were attributed to the combined effect of the change
in modulus of elasticity and flexural strength from control to recycled aggregate
mixtures.

o For the constant life design case, required pavement thickness was increased for
both fatigue and faulting failure analyses for all the recycled aggregate concrete
mixtures. For the desired life, fatigue failure was found critical for the single axle
loading case, and faulting failure was found for the tandem axle loading case.

« For the design approach followed in the scope of the study, the effect of increase

in support stiffness was found higher in terms of maximum deflection compared
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to maximum stress. On the contrary, the effect was found to be more pronounced
for fatigue failure compared to faulting failure.

o To resist the similar number of load applications, a higher amount of material
requirements was found for recycled aggregate concrete mixtures, and the results
were attributed to increase in thickness requirement values.

o Slight increase in structural behavior parameters were obtained for the treated
recycled aggregate concrete mixtures (TRCAC and TRBAC) compared to un-

treated versions of the mixtures.

In this study, performance of RCA and RBA were evaluated only for full replace-
ment of virgin coarse aggregates. To obtain better performances, partial replacement
cases may be taken into account for both of the recycled aggregate types. It should
be also stated that the amount of decrease in performance parameters are dependent
on the type of recycled aggregates used in the scope of this study. It is obvious that
better performances could be obtained by using recycled aggregates with better qual-
ity. Furthermore, to enhance the performance obtained from the recycled aggregate
mixtures, only the slurry method is used. In the further studies, the effect of different

treatment methods can also be taken into account.

This study clearly shows that the use of recycled aggregate concrete, with low
modulus of elasticity, increases the deflection occurring within the loaded slab, and use
of strong support does not improve the faulting (erosion) performance of concrete pave-
ments. Additionally, it is shown that the tandem axle loading case is more critical for
faulting failure. Therefore, if recycled aggregate concrete pavements will be subjected
to a high amount of heavy tandem axles, special attention needs to be given to faulting
failure safety. For these types of pavements load transfer devices (dowel bars) within
the joints may be used to improve the faulting performance, instead of usage of strong
base layers. It should also be noted that foundations with lower risk of erosion (such as
dry lean concrete base) may also be considered. Since, one of the main reasons of the
increased deflection values found for recycled aggregate mixture is a decrease in the

joint stiffness of recycled aggregate concrete mixtures, and it is strongly dependent to
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the joint crack width, reducing the joint spacing can also be considered to improve the
joint performance of recycled aggregate concrete pavements. Additionally, the largest
aggregate size (which was kept constant as 16 mm in this study) of concrete can be
increased to improve the LTE of recycled aggregate concrete mixture. However, as
emphasized by Shi et al. [154], d-cracking potential of the resulting mixture should be

taken into account in this case.

While this study was focused on the mechanical properties and structural behav-
ior of concrete pavements produced with recycled aggregates, durability issues were
not addressed in the scope. However, based on the type of aggregate used, recycled
aggregates with high water absorption and Los Angeles abrasion values may cause
some problems related to durability of concrete pavement (especially in the surface).
Therefore, durability of recycled aggregate concrete mixtures should be also considered
for the field applications. For the severe exposure conditions, two lift (layer) pavement
construction may be taken into account: recycled aggregate concrete lower lift, and

high quality virgin aggregate concrete upper lift.

As previously mentioned, to simplify the modelling and evaluation procedure,
effect of temperature gradient on the structural behavior of the concrete mixtures were
not examined in the scope of the conducted study. However, the type of aggregate used
in the concrete might significantly alter the thermal expansion coefficient of concrete,
and increasing thermal expansion coefficient leads to increase in pavement stress, when
the temperature gradient is taken into account. Therefore, to see the effect of change
in thermal expansion coefficient of concrete due to the replacement of virgin aggregates

with recycled aggregates, further studies should be carried out.

5.7. Joint Performance of Recycled Aggregate Concrete Pavements

In the scope of the study, basic hardened-state properties (mechanical and physi-

cal) of concrete mixtures produced with virgin and recycled aggregates were determined

experimentally. In addition, the cyclic post-cracking shear performance of the mixtures
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was measured using a small-scale (beam) testing methodology suggested in the liter-
ature. The results obtained in this study were discussed in their various aspects and

might be summarized as follows:

o Compared to the control mixture (NAC), up to a 22% reduction in mechanical
performance was observed for recycled aggregate concrete mixtures. Besides, the
decrease in the performance was almost double for RAC - 100 compared to RAC
- 50. In addition, the reduction in modulus of elasticity due to the replacement
of half or all of the coarse virgin aggregates with recycled ones was found to be
lower compared to compressive and flexural strength.

« Decreased density with increased porosity and abrasion values were obtained
for recycled aggregate mixtures (RAC - 50 and RAC - 100) compared to the
control mixture (NAC) based on the physical test results. Obtained results were
attributed to lower densities and porous structures of recycled aggregates.

o The abrasion resistance of recycled aggregate concrete mixtures was lower than
that of the control mixture.

+ Using recycled aggregates in concrete mixtures increased the peak differential dis-
placement values considerably depending on the amount of replacement. Besides,
crack width had a significant impact on the post-cracking shear performance of
the mixtures.

o Post-cracking shear degradation rates for control and recycled aggregate mixtures
were similar. However, considering the lower abrasion resistance of recycled ag-
gregates, further studies might be helpful in investigating the possible difference
in the number of cycles leading to the failure of virgin and recycled aggregate
mixtures.

+ A lower reduction was observed in the performance of concrete regarding all the
parameters measured in this study in the case of partial replacement of crushed
stone coarse aggregate with recycled concrete aggregate (RAC - 50) than in the

case of full replacement (RAC - 100) compared to the control mixture.
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It should be indicated here that the obtained results are dependent on the prop-
erties of both virgin and recycled aggregates used in this study. The use of aggregates
with different properties may change the results in a positive or negative way. There-
fore, further studies that link the aggregate properties and performance parameters are

needed to generalize the results obtained in the current study.

For the post-cracking performance, further studies to determine the optimum
replacement level might be recommended to enhance the structural and environmental
benefits that could be obtained from the recycled aggregates. in addition, both small
(No L. 4-8 mm) and large (No il: 8-16 mm) coarse aggregates were replaced in equal
amounts for both recycled aggregate concrete mixtures (RAC - 50 and RAC - 100) in
this study. On the other hand, it is known that the larger aggregates are more effective
in terms of post-cracking shear performance [108]. Therefore, better performance might
be obtained by replacing only small coarse aggregates without any change in large ones,

but further studies are needed to test the hypothesis.

The importance of crack width in terms of post-cracking shear performance was
emphasized in the scope of the current and previous [109,166,267] studies. Besides,
it is known that lower stiffness of recycled aggregates leads to higher shrinkage of the
concrete mixture [203, 268]. Since shrinkage of a concrete mixture has a considerable
impact on the pavement joint crack widths [73, 269], a further decrease in the joint
performance of recycled aggregate concrete pavements may occur due to increased

crack widths.

To overcome the problems in site that might occur due to lower post-cracking
performance of recycled aggregate concrete mixtures, use of shorter slabs to reduce
joint crack widths [270] and the use of dowel bars in the joints [19,244] are two solu-
tions that could be considered. Additionally, the use of discrete structural fibers may
be considered to improve joint performance, as they are effective for both reducing
the crack width by decreasing the shrinkage of concrete mixtures [263,271,272] and

improving the post-cracking shear performance of concrete mixtures [94, 114,267].
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