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ABSTRACT

The objective of this study is to investigate the feasibility of using high
performance concrete made with high-volume of recycled materials in transportation
infrastructure. The main focus was to develop mixtures for rigid pavement construction.
A variety of fine and coarse recycled concrete aggregates (RCA) were investigated. The
feasibility of replacing 50% of Portland cement with industrial by-products and
supplementary cementitious materials (SCMs) was also evaluated. Experimental program
was conducted to quantify the effect of concrete mixture design and RCA characteristics
on mechanical properties, drying shrinkage, cracking potential, and durability of
concrete. The development of a database and analysis using artificial intelligence was
considered to quantify the properties of concrete as a function of RCA characteristics.
Results were validated during a field implementation project in Missouri. The project
involved the design of the concrete mixtures, the sampling and testing of concrete at the
job site, and in-situ monitoring of deformations of rigid pavement section under
controlled traffic loading and environmental effect. Testing was also conducted on large-
scale reinforced concrete beams cast with selected concrete mixtures to investigate the
structural performance of such green materials. In general, satisfactory performance was
achieved for the key properties of concrete for infrastructure applications, indicating that
concrete with 50% SCM and over 50% coarse RCA can be considered for the production
of sustainable and high performance concrete. The 120-day shrinkage of such concrete
can be limited to 450 pe, while meeting the design criteria for mechanical properties and

durability and exhibiting no cracking under re-strained conditions up to 35 days.
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1. INTRODUCTION

1.1. GENERAL
Interest for environmentally friendly concrete in transportation infrastructure has

grown in recent years. Candidate technologies to improve the sustainability of pavement
concrete include the use of supplementary cementitious materials (SCMs) as a
replacement for Portland cement, the incorporation of recycled materials in concrete
production, in particular recycled concrete aggregate (RCA), as well as the use of highly
durable materials. Given the fact that fine and coarse aggregates occupy about 30% and
40% of the concrete volume in rigid pavement, respectively, partial replacement with
recycled aggregate can be employed to reduce the use of natural resources. Sustainable
solutions for the concrete industry should couple the durability of the material, the
environmental impact on the structure, and the cost of the project (Kim 2013).

Considering the need to produce more than 2.5 billion tons of aggregate in the
U.S. for the construction industry by 2020, an increase from 2 billion tons in 2004
(FHWA 2004), the incorporation of recycled concrete aggregate (RCA) to replace part of
virgin aggregate can result in substantial reduction in the use of non-renewable natural
resources and concrete waste in landfills. Construction and demolition (C&D) waste
accounts for a considerable portion of solid wastes and generation of which has been
increasing rapidly in the United States. Generation of C&D waste was estimated to be
over 325 million tons in 2003 (EPA 2004). However, the fact sheets released by the
Environmental Protection Agency (EPA) indicate generation of over 530 and 535 million
tons of C&D waste in the United States (EPA 2015, 2016), with concrete constituting
over 66.5% and 70% of the C&D waste in 2013 and 2014, respectively.

Historically, concrete from C&D waste has mostly been dealt with through
disposal in landfills. However, due to the increasing rate of demolition, it is essential to
effectively reuse demolition waste to conserve nonrenewable natural resources. Decrease
in natural resources, increasing problems in waste management, ecological hazards,
landfill limitations, and increase in distance between natural resources and consumption
markets support the idea of using recycled wastes for new concrete production (Padmini

et al., 2009). Furthermore, the reduction in the carbon footprint of the most commonly



used construction material, concrete, is a key factor to decrease the total greenhouse gas
emissions produced by the construction industry (Mclntyre 2009).

The use of RCA to preserve natural resources and to reduce the amount of
disposals in landfills has been growing in recent years. In spite of the environmental and
potential economic merits, technical concerns may raise with the use of RCA in concrete
production. The heterogeneous nature of RCA stemming from the adhered residual
mortar, origin of the waste concrete source, recycling process, level of chemical
contamination, etc. can lead to wide range of performance when RCA is incorporated.
Given the variable characteristics of RCA when compared to virgin aggregate sources,
there still exists a conservative approach that limits the use of RCA in concrete
designated for transportation infrastructure (Surya 2013). Therefore, RCA is mostly being
used in granular bases, embankments, sound barriers, fills, etc. (Kim 2013, Gabr 2012).

1.2. OBJECTIVE
Due to the economic and environmental merits of recycled materials, research has

been undertaken to investigate the effect of RCA on the properties of concrete designated
for pavement applications at Missouri University of Science and Technology in
collaboration with the National University Transportation Center (NUTC) and Research
on Concrete Applications for Sustainable Transportation (RE-CAST) University
Transportation Center (UTC) at Missouri S&T and the Missouri Department of
Transportation (MoDOT). The research involves mix design and field implementation of
sustainable concrete materials made with high volumes of recycled materials for
transportation infrastructure. The output of the research can endorse the development of
guidelines for design of RCA concrete for future implementation of this technology in
construction projects.

The main objective of this research is to evaluate the feasibility of using RCA for
concrete production in rigid pavement applications. The experimental program was
undertaken to investigate the performance of different concrete made with different
amounts of RCA, water-to-cementitious materials ratios (w/cm), and supplementary
cementitious materials to develop sustainable concrete designated for rigid pavement.

Several sources of fine and coarse RCA were investigated in the laboratory. Concrete
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mixtures were developed and investigated for key engineering properties, governing the
design of rigid pavement systems, including mechanical properties, shrinkage, and

durability.

1.3. OUTLINE
The scope of work that was implemented to achieve the objective of the research

study is presented below:

Section 1: This section offers a brief introduction to the subject of the research and
summarizes the significance of the work conducted throughout the dissertation.

Section 2: The purpose of this section is to conduct a literature review of past experience
and previous research on RCA. RCA properties as well as the behavior of concrete
containing RCA, including the fresh and hardened properties (e.g., workability,
compressive strength, flexural strength, shrinkage), and durability (e.g., freeze-thaw
resistance, permeability, scaling). Specifically, the literature review focuses on studies
that investigated performance of rigid pavement made with partial or full replacement of
RCA.

Section 3: The purpose of this section is to evaluate the properties of several candidate
RCA sources for use in concrete production. Samples are taken from various sources at
different time intervals. Key engineering properties, including the particle-size
distribution, specific gravity, absorption rate, and abrasion resistance of the aggregates
are evaluated. Optimizing a proper aggregate skeleton is another goal of this task.

Section 4: This section is focused on the optimization of eco-efficient binder systems for
concrete production. Various types and replacement levels of supplementary cementitious
materials (SCMs) are investigated. Several binary and ternary mixtures were investigated
for mechanical properties, shrinkage, and durability of concrete equivalent mortar (CEM)
designed based on MoDOT’s rigid pavement mix design. A paper is submitted to the
Journal of Construction and Building Materials based on the results presented this
section.

Section 5: Several combinations of coarse and fine RCA are considered for producing
concrete for rigid pavement applications. Key mechanical properties, including

compressive strength, splitting tensile strength, flexural strength, and modulus of



elasticity (MOE) were evaluated for concrete made with different types and contents of
fine and coarse RCA. A manuscript is prepared based on some of the results presented in
this section.

Section 6: This section presents a summary of the work conducted on development of a
theoretical model to quantify the effect of RCA on MOE. Given the fact that MOE is one
of the main material characteristics that affect the design and performance of concrete
pavements, characteristics and concrete mixture proportions were considered as input
factors in a model based on Artificial Neural Network to determine the variations in
MOE of concrete made with coarse RCA. A manuscript is prepared based on the results
presented in this section.

Section 7: This section investigates the effect of RCA on drying shrinkage of concrete
intended for transportation infrastructure. Several concrete mixtures were developed with
different RCA types to evaluate the effect of mixture design parameters and RCA quality
on drying shrinkage of concrete. A paper is submitted to the Journal of Materials in Civil
Engineering based on the results presented this section.

Section 8: Given the higher rate of drying shrinkage along with the increase in stress
relaxation due to the use of RCA, it is important to determine the extent of variations in
cracking potential caused by shrinkage for concrete made with RCA. Effect of coarse
RCA on cracking due to shrinkage under re-strained condition was investigated in this
section. Different types of coarse RCA were used to cast ring-type specimens to monitor
the time to cracking. A paper is submitted to the Journal of Materials and Structures
based on the results presented this section.

Section 9: Effect of RCA on durability of concrete was investigated in this section.
Various types and combinations of coarse and fine RCA were employed for developing
concrete with different binder types. Durability against freeze and thaw cycles, resistance
against scaling caused by de-icing salts, abrasion resistance, and sorptivity were the key
parameters. A manuscript is prepared based on some of the results presented in this
section.

Section 10: This section presents a summary of the results obtained from a demonstration
project aiming at construction of rigid pavement using RCA. The work presented in this

section summarizes the initial laboratory investigation, construction of pavement panels,



sampling, material properties, and long-term performance of concrete pavement made
with RCA. A paper is published in Journal of Construction and Building Materials based
on the results presented this section.

Section 11: A summary of the key findings is presented in this section. Recommendations
are made and ideas are suggested for the future research.

Appendix A: The use of RCA in concrete for structural applications is of great interest for
construction of reinforced concrete elements. Research was conducted in collaboration
with Dr. Jeffery Volz and MoDOT to evaluate the effect of coarse RCA on shear strength
of full-scale reinforced concrete beams designated for transportation infrastructure. A
paper is published in Journal of Cleaner production based on the results presented this
section.

Appendix B: Research was conducted in collaboration with Dr. Jeffery Volz and MoDOT
to evaluate the effect of coarse RCA on bond strength of full-scale reinforced concrete
beams designated for transportation infrastructure. The paper prepared based on the

results obtained in this section is accepted for publication in ACI Materials Journal.



2. LITERATURE REVIEW

2.1. GENERAL
Based on the definition provided by the United Nations, sustainable development

is development that meets the needs of the present without compromising the ability of
future generations to meet their own needs (United Nations General Assembly 1987).
The pavement industry is one of the fields where hard work is devoted to develop a
focused meaning of sustainability in terms of design, materials, construction, and
maintenance (Garber et al. 2011).

With the introduction of waste legislation in the form of regulations and directives
in many places, a significant movement towards the sustainable management of
construction and demolition (C&D) waste is becoming a legal requirement. In response,
different sectors of the construction industry are undertaking various initiatives to
minimize waste generation and improve the management of C&D waste to maximize
economic and environmental benefits, generally by placing emphasis on increasing
recycling for reuse (Limbachiya et al., 2007).

The construction industry in particular is a major consumer of materials and at the
same time a major producer of waste (Padmini et al., 2009). According to Abbas et al.
(2009), concrete accounts for up to 67% of construction and demolition waste, by mass.
The amount of demolition waste dumped at landfill sites in the United Kingdom is said to
be in excess of 20 million tons per year. The bulk of this material is concrete (50% to
55%) and masonry (30% to 40%) with only small percentages of other materials, such as
metals, glass, and timber (Tam et al., 2007). In the Netherlands, about 14 million tons of
building and demolishing waste per year is produced, of which about 8 million tons are
recycled, mainly for unbound road base courses (Tam et al., 2007).

Production of C&D waste was estimated to be over 535 million tons in the United
States, with concrete constituting over 70% of the C&D waste in 2014 (EPA 2004, 2015,
2016). Historically, waste concrete is deposited in landfills. However, environmental
impact, raising issues with depletion of natural sources, more restrictive land use policies
for landfills, and potential savings in construction cost in some markets, support the idea

of seeking alternative use of C&D waste. One of the main scenarios is to use recycled



concrete aggregate (RCA) as a partial replacement of virgin aggregate in concrete
construction, in particular for concrete pavement (Gonzalez and Young 2004; NCHRP
2013). However, given the potentially marginal quality of RCA compared to that of
virgin aggregate, the incorporation of RCA can impact the performance of such pavement
materials.

Based on a survey conducted by Federal Highway Administration (FHWA 2004),
an example of reduction in landfill disposals, noted that construction of a mile of one lane
rigid pavement with thickness of 10 in. will require about 2000 yd® of concrete that
corresponds to incorporation of 3000 tons of aggregate. Recycling of such a section on
the other hand can produce 4000 tons of RCA. Moreover, saving the energy required for
mining and extraction of aggregate and hauling can add extra value to the recycling
practice and reduce greenhouse gas emissions.

Considering the need to produce more than 2.5 billion tons of aggregate in the
U.S. for the construction industry by 2020 (FHWA 2004), the incorporation of RCA as a
substitute for virgin aggregate can play an important role towards sustainable
development. The Construction and Demolition Recycling Association (CDRA 2012)
estimates that recycling concrete in the U.S. was limited to 140 million tons annually in
2012. Approximately 73% of concrete waste in the U.S. is used in road base and backfill
as demonstrated in Figure 2.1. However, a small portion (6.5%) of RCA is incorporated

as a replacement of virgin aggregate in new concrete production.

Other
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Figure 2.1 Break down of RCA use in the U.S. (Van Dam et al., 2015; Hansen and
Copeland. 2013)



2.2. USE OF RECYCLED CONCRETE AGGREGATE IN CONCRETE
PRODUCTION

2.2.1. Background. RCA can be obtained by crushing Portland cement concrete
from various sources, including pavements and buildings. However, the Federal Highway
Administration (FHWA 2004), limits the definition of RCA to processed concrete by-
products obtained from old Portland cement concrete pavements, bridge structures/decks,
sidewalks, curbs, and gutters in which steel is removed from the old concrete. Based on
the definition provided by FHWA (2004), RCA is a granular material manufactured by
removing, crushing, and processing hydraulic-cement concrete pavement for reuse with a
hydraulic cementing medium to produce fresh paving concrete. The aggregate retained on
the #4 sieve is called coarse aggregate and the material passing through the #4 sieve is
called fine aggregate.

The main idea supporting such definition is to provide RCA from high quality
state approved old concrete (NCHRP, 2013). State projects historically use high-quality
aggregate sources with consistent quality accepted by the state agencies. RCA produced
from processing state approved high-quality and durable old concrete may be useful in
producing concrete for other state applications. On the other hand, the RCA obtained
from construction and demolition waste may be useful in base and/or fill applications.

The Construction Material Recycling Association (2009) indicates that RCA can
be used to:

o Provide high-quality material in some highway applications

. Provide aggregate acceptable by ASTM and AASHTO standards

. Produce concrete and asphalt products

. Provide improved base and subbase materials
. Reduce haul and material costs

. Reduce landfill waste streams

o Minimize environmental impacts

Depending on the considerations of the project, the use of RCA can save money,
save time, and reduce the environmental impact of pavement application. The use of
RCA can potentially shorten project delivery as a result of expedited construction

schedules due to reduced haul times. The potential for increased material transportation



savings is even greater when there is no locally available aggregate (Garber et al., 2011).
According to a survey published by FHWA in 2004, 41 states recycled concrete for use
as aggregate in new construction. At least 45 states are recycling concrete as aggregate in
2016, as shown in Figure 2.2. Thirty eight of these states allow the use of RCA in base
applications, as shown in Figure 2.3. Of these states, however, only 11 were using RCA
in new Portland cement concrete production, as shown in Figure 2.4.

I ves (2

Figure 2.2 States recycling concrete as aggregate (left, FHWA 2004) and (right, NCHRP
2013 and Snyder and Cavalline, 2016)

N o
H ves (3)

Figure 2.3 States recycling concrete as aggregate base (FHWA 2004)
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Figure 2.4 States recycling concrete as aggregate for new concrete production (FHWA
2004)

2.2.2. RCA Production. Given the fact that RCA is produced from demolished
concrete elements including structural members and pavement sections, etc. one or a
combination of the following methods is required for concrete removal suitable for RCA
production (ACI 555-01):

o Using hand tools

o Hand-operated power tools

. Vehicle-mounted equipment

. Explosive blasting

o Drills and saws

J Non-explosive demolition agents

. Mechanical splitters

. Demolition of concrete structures by heat
. Hydro-demolition (water-jet blasting)

Considering the fact that recycling old pavement is one of the widely accepted
sources of RCA production for rigid pavement applications, the American Concrete
Pavement Association (ACPA 2008) provided guidance for recycling rigid pavement into
RCA. The process starts with removal of potential contaminates such as hot mixed
asphalt (HMA) shoulders, patches, or crack sealants. ACPA recommends limiting the
contaminants to less than 10%. However, this number may vary depending on different
agency regulations. For example, Minnesota allows no more than 3% asphalt binder by
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weight of aggregate, whereas in California there was no limit on reclaimed asphalt
pavement (RAP) in RCA (ACPA 2008). In Australia, as much as 20% HMA by-products
were allowed when lower quality RCA was produced. Removal of motor oils and other
surface contaminants should be considered. These surface contaminants were reported as
limited to the upper few millimeters of the pavement surface (ACPA 2008). Pre-crushing
preparation needs to consider the maximum feed size needed for the crusher and how
much steel, wood, dirt, and other contaminates need to be removed before crushing
(CMRA 2009).

Depending on the use of the RCA, crushing concrete for RCA production usually
continues with crushing using jaw or impact crushers. As reported by ACPA (2008),
primary jaw crushers typically produce 4 to 8 in. minus crushed materials that could be
used as fill. Impact crushers use a spinning rotor with bars or hammers that throw the
concrete into solid objects (plate or plates) and produced 2 in. minus recycled materials
that could be further reduced in size in primary, secondary, or tertiary crushers.

The type of the crusher employed for production of RCA can affect RCA
reclamation efficiency, defined as the percentage of coarse RCA produced during the
crushing process. Results of a survey conducted by Snyder and Cavalline (2016) indicate
that the reclamation efficiency can vary from 44% to 87% depending on the processing
procedure and the type of virgin aggregate used in parent concrete. Table 2.1 offers a

summary of the results.

Table 2.1 Effect of crushing procedure and virgin aggregate type on reclamation
efficiency adapted from Snyder and Cavalline (2016)

Reclamation Efficiency

Process RCA Type
Limestone Gravel Granite
Jaw-Jaw-Roller 71 73 87
Jaw-Cone 73 80 76

Impact-Impact 44 63 53
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Crushing, sizing, and removal of contaminates of the old concrete could be
accomplished using portable, mobile, or stationary recycling plants (CMRA 2009).
Mobile plants are truck-mounted and can move from site to site. Portable plants consist
of a crusher and a feeder (loader or backhoe) employed for producing the required RCA
specification properties. Portable crushers are usually mounted on rubber tired chassis,
towed to the site, and moved around with loaders or tugs. Mobile crushers have their own
track-mounted drive system. Stationary crushers on the other hand are permanently fixed
to the ground and the material is being trucked to the site. In the case of reinforced steel
sections, the old slab should be sufficiently broken to ensure separation from the
reinforcing and dowel bars and the old concrete could be lifted out of the pavement and
the steel mesh, rebar, and dowel bars removed. Any metals left in the concrete can be
removed with magnets placed over the feeder belt into the secondary crusher. Air
blowing through the crushed concrete can be employed to remove any lightweight
contaminants and dust. Table 2.2 summarizes the RCA production data obtained through
a survey conducted in the United States (NCHRP 2013).

2.2.3. Engineering Properties of RCA. RCA is typically regarded as a double
phase material which consists of the original virgin aggregate and the adhered residual
mortar. The RCA-made concrete will have more constituents: the new mortar and the
new virgin coarse aggregates. Thus, there are two types of interfacial transition zones
(ITZs) in RCA-made concrete mixtures: the old ITZ between the original virgin coarse
aggregate and the adhered mortar and the ITZ between the new mortar and the RCA
(Figure 2.5).

As a result of high amounts of adhered mortar content in recycled aggregates,
RCA can have higher water absorption, lower specific gravity, and higher porosity
compared to natural aggregate (Kou et al., 2012). Both fine and coarse RCA particles are
believed to have rough surface texture compared to virgin aggregate due to the crushing
process. Some technical problems, including weak ITZ between cement paste and
aggregate, porosity and traverse cracks within demolition concrete, high level of sulfate
and chloride contents, impurity, and high variations in quality, render the use of RCA
more challenging. Table 2.3 provides a breakdown of the typical properties of RCA
provided by FHWA (2004).



Table 2.2 RCA production data in the United States (NCHRP 2013)

Million tons Mo-of plants States or regions served
PETYeAr  Fixed  Mobile

2.75 1 9 Ohio, W. Va,, Pa., the Southeast
2.5 1 5 California and Arizona
29 20 0 C::;(I):Iaa California, Illinois, New Mexico,
2.1 1 8 Southeastern U.S.
1.9 3 3 Georgia
1.83 2 8 Western U.S.
1.73 0 6 Southern California
1.45 0 4 Minnesota and the Dakotas
1.43 3 0 Texas
1.28 3 3 Texas and Louisiana
1.09 9 0 Texas
1.07 3 2 Nevada, Arizona, Utah, California
0.83 4 1 California
0.82 0 4 California
0.8 2 0 Massachusetts, New Hampshire, Rhode Island
0.66 1 1 California
0.6 0 4 S. Carolina, N. Carolina, Ga., Va., Fla., Ala., Miss.
0.59 1 5 lowa, Minnesota, Nebraska, Missouri, S. Dakota
0.58 4 2 New Jersey
0.5 0 3 New Jersey, New York, Delaware, Pennsylvania

Total 58 68
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Figure 2.5 Scanning electron microscope (SEM) of old ITZ in RCA particle (Xiao et al.,
2012)

Table 2.3 Typical physical properties of RCA (FHWA 2004)

Property Fine RCA Coarse RCA
Specific gravity 20t02.3 2.2t02.5
Absorption 4% to 8% 2% to 6%
Loss Angeles abrasion loss - 20to 45
California bearing ratio (CBR) 94% to 148%

It is usually believed that adhered mortar is the main cause of the lower properties
of RCA compared to virgin aggregates. For a clear understanding of the recycled
aggregate and to predict its possible effects on concrete, the constituents of these
composite particles must be identified separately (Nagataki et al., 2000). It has also been
suggested that the quality of RCA increases with a decrease in residual mortar content
attached to the virgin aggregate particles. Adjustments to crushing methods used for RCA
production can help minimizing the mortar content. However, too much crushing might
compromise the integrity of the original aggregate and may not be cost effective (Garber
etal., 2011).



15

The more recent systematic studies dealing with use of RCA has resulted in
development of standards, recommendations, and selection criteria in some Asian and
European countries, as well as the United States (ACI 555-01, AASHTO MP16). Such
technical documents are mainly classifying the RCA based on some of the key
engineering properties of the recycled aggregate sources. These properties are generally
divided into two main categories, including the physical properties of the aggregate
particles and the chemical contaminations available in recycled aggregate sources. As an
example, the standard developed by the American Association of State Highway and
Transportation Officials (AASHTO MP16) recommends using RCA with less than 50%
mass loss due to Los Angeles abrasion test, containing less than 1.5% materials finer than
75 pum, chloride ion contents no more than 0.6 Ib/yd® of weight of concrete, and less than
12% mass loss due to soundness test using sodium sulfate solution. RILEM specification
also sets limitations on water absorption rate, specific gravity, deleterious materials
content, the amount of materials finer than 63 um, and water soluble sulfate content to
classify RCA into three main quality levels (RILEM TC121). Unit weight, water
absorption, and deleterious materials content are usually used as criteria for selecting
RCA for different applications. A summary of classification criteria for RCA used in
different countries is presented in Table 2.4. Data presented in this table is a summary of
the review results provided by McNeil and Kang (2013) and Duan et al. (2017).

Considerable research is also devoted to developing guidelines for the use of RCA
in concrete production. For instance, Silva et al., (2014) conducted a comprehensive
study to correlate the initial properties of the recycled aggregate sources, including RCA,
construction and demolition waste, etc. to performance of concrete cast with various
amounts of RCA. Authors summarized the key properties of the various recycled
aggregate sources with the normal distributions presented in Figure 2.6. Based on the
analytical investigation conducted by the authors, the mean values of the investigated

properties for fine and coarse RCA sources are summarized in Table 2.5.



Table 2.4 RCA classification criteria in different standards

Country

Germany

Hong Kong

Japan

RILEM

The
Netherlands

Standard

(DIN 4226-
100) (DIN
2006)

WBTC 2002

(JIS A 5021,
5022, and
5023) (JIS

2011, 20123,

b)

NEN 5905

Aggregate SG Absorption Composition (%)* Replacement T
tpe  (kom) () NA oC m 5  ratio(w) APPieanionfiled
Type 1 >2000 <10 0 >90 <10 <12 20 Interior element
Type 2 >2000 <15 0 >70 <30 <I.5 35 Interior element
Type 3 > 1800 <20 0 <20 >80 <I.5 n.a. Non-structural
Type 4 > 1500 n.a. na. na na na n.a. n.a.
Tvoe I >2000 <10 0 <100 - <1 100 Non-structural

w >2000 <10 0 <100 - <l 20 Structural

Coarse-H  >2500 <3 0 <100 O <2 100 All elements
Fine- H > 2500 <35 n.a. n.a. n.a. n.a. n.a. n.a.

Coarse-M  >2300 <5 0 <100 0 <2 100 Piles, etc.
Fine- M > 2200 <7 n.a. n.a. n.a. n.a. n.a. n.a.

Coarse- L NA <7 0 <100 0 NA 100 Temporary use
Fine- L NA <13 n.a. n.a. n.a. n.a. n.a. n.a.

MRA >2200 <7 0 na. =65 <1 100 Non-structural
Typel  >1500 <20 0 0 <100 <5 100 Non-structural
Type2  >2000 <10 0 <100 0 <l 100 Non-structural
Type 3 >2500 <3 >80 <20 <10 <1 100 Structural

RCA >2000 n.a. 0o 295 S5 <1 100 Structural

RCA >2000 n.a. 0 >95 <5 <1 >20 Structural

RCA >2000 n.a. 0 >95 <5 <1 <20 Structural

RMA  =2000 na. 0 na 265 =l 100 na.

Allowable
class

C30/37
C25/30
n.a.
n.a.

20 MPa

35 MPa

~ Virgin
agg.
n.a.

n.a.
n.a.
n.a.
n.a.

18 MPa
C16/20

C50/60
~ Virgin
agg.
C40/50
C50/60
~ Virgin
agg.
C20/50

o7



Table 2.4 RCA classification criteria in different standards (cont.)

Portugal

Denmark

Switzerland

Russia

China

Australia

Korea

Spain

LNEC E471 ARB 1
ARB 2
ARC
ARB
ARM
ARA
RCA- A
MA- A
GP1
DS 2426
GP2
BC
SIA 2030
BNC
DG/TJO7- Type |
008 Type Il
(AS1141.6.2) Class 1A
(AS1996) Class 1B
(KS F 2573) Coarse
(KS 2002) Fine
(EHE 2000) -

>2200
>2200
>2000
n.a.
n.a.
n.a.
n.a.
n.a.
>2200
> 1800

n.a.

n.a.

n.a.

n.a.
> 2400
>2200
>2100
> 1800
>2500
>2200
>2000

<7
<7
<7
n.a.
n.a.
n.a.
<7
<12
NA
NA

n.a.

n.a.
n.a.
n.a.
<7
<10
<6
<8
<3
<5

<5

o

o O O o

0

n.a.
n.a.
n.a.
n.a.
n.a.

>90
>70
>90
>90
>40
<40
>95
<90
>95
>95

100

100
100
100
>95
>90
n.a.
n.a.
n.a.
n.a.
n.a.

<10
<30
n.a.
<10
<10
>60
<10
=10
NA
NA

n.a.

n.a.
n.a.
n.a.
<5
<10
n.a.
n.a.
n.a.
n.a.
n.a.

0.2
0.5
2
0.5

wWw W~

n.a.
n.a.
n.a.
<1

<1

n.a.
n.a.
n.a.
n.a.
n.a.

25

20

n.a.
100
100
100
100
100
100
100

100

100
100

50
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

Structural

Passive
environment

RC concrete, pre-
stressed conc. with
additional testing

Non-structural
Non-structural

Non-structural
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

C40/50
C35/45
n.a.
n.a.
n.a.
n.a.
15 MPa
NA
n.a.
n.a.

C30/37

n.a.
15 MPa

20 MPa
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

*NA, OC, m, and § are natural aggregate, old concrete, old masonry, and impurities, respectively

** n.a. indicates that no limits were available

LT
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Figure 2.6 Normal distribution of the (a) oven dried density, (b) saturated surface dried
density (c) water absorption, and (d) Loss Angeles mass loss of coarse RCA (Silva et al.,
2014)

Table 2.5 Mean engineering properties of the coarse and fine RCA sources studied by
Silva et al. (2014)

Property Coarse RCA Fine RCA
Specific gravity 2442 2300
Absorption rate (%) 4.9 9.5

LA abrasion (%) 325 -
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The authors (Silva et al. 2014) have also established a correlation between the
oven-dry density and absorption rate of the investigated recycled aggregate sources as
presented in Figure 2.7.
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Figure 2.7 Correlation between oven dried density and absorption rate of recycled
aggregate (Silva et al., 2014)

Quality of the aggregates is ranked based on the density and absorption rate in this
method. Results of the analytical study conducted by the authors indicated that there is
81.3% probability of having RCA sources fitting in group A, 11.7% chance to have RCA
from group B, 5.0% chance to have RCA from group C, and 0.6% chance to have RCA
from group D of this identification system. In general, observations are in line with the
bulk of literature and available standards that deal with RCA quality by means of
absorption rate and specific gravity.

2.3. PROPERTIES OF CONCRETE MADE WITH RCA
2.3.1. General. In general, the quality of RCA-made concrete is related to the
properties of the original waste concrete, the new composition, the mixing approach, and

the deterioration conditions of the recycled aggregates. Initial investigations on the use of
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recycled aggregate usually focused on incorporating recycled aggregate and its influence
on mechanical and durability properties of the recycled aggregate concrete (RAC). It was
an adopted concept that although the use of recycled aggregate may be viable, a decrease
in the performance of the RAC should be regarded as a normal outcome which can be
mitigated through various approaches such as increasing cement content in the mixture
etc. (Bagragi et al., 1990).

Table 2.6 provides a summary of the influence of RCA on some key properties of
Portland cement concrete obtained from a survey by the National Cooperative Highway
Research Program (NCHRP 2013).

2.3.2. Fresh Properties.

2.3.2.1 Unit weight. As a result of high amounts of adhered mortar existing in
RCA particles, the density of RCA is usually lower than that of virgin aggregates which
in turn decreases the unit weight of concrete containing RCA (Xiao et al., 2012).

2.3.2.2 Workability. Surface texture of the RCA particles have significant effect
on workability. Domingo et al., (2009) reported that a greater presence of recycled
aggregates decreases the workability of the concrete, which may be related to the shape,
texture, and absorption characteristics of the recycled aggregate. This necessitates the use
of saturated recycled aggregate or a greater amount of superplasticizer to maintain
workability.

2.3.3. Mechanical Properties.

2.3.3.1 Compressive strength. The use of RCA can have significant effect on
compressive strength of concrete. This is mainly due to the presence of micro-cracks,
damaged ITZ, availability of deleterious materials, and the inferior properties of the
residual mortar phase of the RCA particles. However, this effect can be negligible for
replacement levels up to 30% (Xiao et al., 2012). Nixon (1978) found that the
compressive strength of concrete made with RCA replacement is somewhat lower
compared to that of control mixtures without any RCA. Hansen (1986) concluded that the
compressive strength of RCA-made concrete is largely controlled by a combination of the
w/cm of the original concrete from which the RCA is produced and that of the RAC

when other factors are essentially identical. Exteberia et al. (2007) reported up to 25%
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decrease in compressive strength due to full RCA replacement in concrete mixtures
proportioned with water-to-cement ratio (w/c) of 0.50 and 325 kg/m?® of Portland cement.

Gonzalez-Taboada et al. (2016) investigated the effect of water absorption (Figure
2.8) and specific gravity (Figure 2.9) of coarse RCA on compressive strength of concrete
prepared with water-to-cement ratio (w/c) of 0.40 to 0.70. Results indicated reduction in
compressive strength as a function of increase in water absorption and reduction in oven-

dry specific gravity of RCA.

Table 2.6 Influence of RCA on properties of concrete (NCHRP, 2013)

Expected changes in properties

Property

Coarse RCA only Coarse and fine RCA
Specific gravity 0 to 10% lower 5% to 15% lower
Compressive strength 0 to 24% lower 15% to 40% lower
Tensile strength 0 to 10% lower 10% to 20% lower
Strength variability Slightly greater Slightly greater
Modulus of elasticity 10% to 33% lower 25% to 40% lower
Creep 30% to 60% higher 30% to 60% higher
Drying shrinkage 20% to 50% higher 70% to 100% higher
Permeability 0 to 500% higher 0 to 500% higher
Coefflc_lent of thermal 0 to 30% higher 0 to 30% higher
expansion
Corrosion rate May be faster May be faster
Freeze/thaw durability Dependent on air void Dependent on air void

system system

Sulfate resistance Dependent on mixture Dependent on mixture

Several methodologies are proposed in the literature for predicting the
compressive strength of concrete incorporating RCA. Duan et al. (2013) developed a
model based on artificial neural network (ANN) to predict the compressive strength as a
function of RCA characteristics, RCA replacement ratio, and concrete mix design. The
authors employed a total numbers of 146 test results from literature were incorporated for

training the system, as well as 22 test results for testing the performance of the system.
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Actual test results ranged from 33.7 to 66.8 MPa for different mixtures and the prediction
error ranged from 1.4% to 16.2%, with a coefficient of correlation of R=0.99, which
approved the accuracy of the developed model.

in o o
n o i

e
o

8

Cube compression strength (MPa)
[¥) ofaa
s L

(15
=]

25

Alse=5% (>50%)
& Abs>5% (>50%)
% CC
+ Abs==5% 14-3.5561
o Abs>55% (<300) |
« Abs<=5% (30-50%)
o Abs>5% (30-50%) |

wfc

cc
y =88 825 + 94,545

A’ = 0.600

Abs=5% (<30%)

y =-85.989x + 91.155
= 0,643

| Abs<5% (<30%)

y=-63.036x + 76.474
A= D.816

Abs>5% (30-50%)
y=-85 250 + 85 184

A = (.684

Abs<5% (30-50%)

y ==47.601x + 66372
R =0.551

Abs>5% ?50%1

y =~72.313x + 80,333
fi=0,459

0.35 040 045 050 055 060 065 070 075

Abs<5% (>50%)
y = 55.873x + 69,156
Ai=0.543

Figure 2.8 Effect of coarse RCA content and water absorption on compressive strength
(Gonzalez-Taboada et al. 2016)
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2.3.3.2 Splitting tensile strength. As in the case of compressive strength, RCA
replacement mostly results in a decrease in splitting tensile strength of concrete.
Ravindrarajah et al., (1985) reported that the splitting tensile strength of concrete was
consistently 10% lower than that of conventional concrete without RCA. Tabsh and
Abdelfatah (2009) reported that about 25% to 30% drop in the tensile strength was
observed in concrete made with RCA. Kou et al. (2012) observed that regardless of the
type of the recycled aggregate used, the splitting tensile strength of the specimens
decreased with an increase in RCA replacement ratio before the age of 28 days. However,
for some types of the RCAs used, an increase in the splitting tensile strength at the age of
90 days is observed. Sagoe et al., (2001) reported that there is no significant difference
between the splitting tensile strength of the reference and the recycled aggregate concrete
specimens. Limbachiya (2012) and Yong and Teo (2009) reported that while replacing up
to 50% of coarse aggregate with RCA, there was no difference in splitting tensile and
flexural strengths between the RAC and the reference, but at full replacement (100%)
results were improved for RCA due to better interlocking.

2.3.3.3 Flexural strength. The RCA replacement does not have significant
negative effects on flexural strength of concrete. Xiao and Li (2005), Hu (2007), and
Cheng (2005) have reported that up to 100% RCA replacement in concrete mixtures of
w/cm varying from 0.43 to 0.57 only has marginal effects on the flexural strength of
concrete. Ravindrarajah and Tam (1985) also reported that increasing the RCA content
does not have a significant effect on flexural strength. Topcu and Sengel (2004) reported
that the flexural strength is decreasing due to the increase in RCA replacement level.

2.3.3.4 Fracture energy. Studying the fracture properties of concrete can provide
realistic measures of load carrying capacity of materials in a structural system. Bordelon
et al. (2009) studied the 7-d fracture behavior of concrete containing 50% and 100%
coarse RCA, reinforced with 0 to 2% synthetic fibers. Authors reported similar fracture
properties for the reference concrete and the one cast with 50% coarse RCA. However, a
decrease in fracture properties was observed as a result of 100% RCA replacement.
Results of the reference virgin aggregate concrete and those of the mixture with 50%
RCA were 53% higher than that of the 100% RCA mixture. Authors reported that
incorporation of 2% of synthetic fibers was helpful in enhancing the fracture performance
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of the investigated mixtures, even in comparison with that of the reference concrete with
no fibers and without any RCA. No significant difference in fracture properties of the
fiber reinforced concrete was observed regardless of the variation in RCA content from 0
to 100%. Brand et al. (2014) investigated the fracture behavior of single lift and two lift
full scale pavement slabs measuring 6 ftx 6 ft x 6 in. cast with 100% coarse RCA. Two
lift slabs were cast with a 4.0 in. bottom layer of 100% RCA topped with a 2.0 in. layer
of virgin aggregate concrete. Single layer slabs were cast with virgin aggregate and 100%
coarse RCA. Authors reported higher average maximum tensile strength at failure for the
RCA-made slabs in comparison with the virgin aggregate slab. For the case of full depth
RCA replacement, the average maximum tensile strength was 1250 psi, in comparison to
1180 psi for the virgin aggregate slab and 1415 psi for the two lift slabs cast with virgin
aggregate on top of 100% RCA. Beams measuring 3.1 x 5.9 x 28 in. were incorporated
for the measurement of fracture energy of the reference and 100% RCA beams. Authors
reported higher peak load for virgin aggregate concrete (3.57 vs. 3.18 kN). However, the
total fracture energy of the RCA-made beams was higher than that of the reference
concrete (84.5 vs. 73.8 N/m).

Volz et al. (2014) investigated the fracture energy of concrete mixtures
proportioned with 0, 50%, and 100% coarse RCA replacement. Concrete mixtures were
proportioned with 0.40 w/c and 535 Ib/yd® of Type | cement. Authors reported a decrease
in fracture energy as a function of an increase in RCA content. It was observed that the
average fracture energy reduced from 0.80 Ib/in. in the case of the reference concrete to
0.75 and 0.59 Ib/in. at 50% and 100% RCA replacements, respectively.

2.3.3.5 Modulus of elasticity. Data published in the literature indicate that among
all types of mechanical properties, MOE is one the characteristics that can be highly
sensitive to RCA incorporation. Availability of residual mortar in RCA particles reduces
the overall stiffness of the coarse aggregate skeleton and increases the absolute volume of
mortar in hardened state. This reduces the rigidity of the concrete, resulting in lower
MOE compared to the mixtures cast with virgin aggregate. Moreover, given the
sensitivity of MOE, existence of micro-cracks and defected interfacial transition zone
(ITZ), typical of RCA particles, can affect the MOE significantly (Mehta). Results of a
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survey conducted by the National Cooperative Highway Research Program (NCHRP
2013) reveal that using coarse RCA can result in up to 35% reduction in MOE.

Kcnaack and Kurama (2014) investigated the effect of coarse RCA on properties
of concrete mixtures proportioned with 0.40 water-to-cement ratio (w/c) and 341 kg/m®
of Portland cement. The authors reported decrease in 28-day MOE from 33.5 to 29.4 and
22.6 GPa as a result of 50% and 100% coarse RCA incorporation, corresponding to 12 %
and 33% MOE reduction, respectively. Fonseca et al. (2011) used 20%, 50%, and 100%
coarse RCA in concrete mixtures proportioned with 446 kg/m?® of Portland cement and
0.43 wic. The authors reported reduction in MOE from 43.5 to 35.5, 38.0, and 33.5 GPa,
due to 20%, 50%, and 100% RCA replacement, corresponding to 23% lower MOE with
100% coarse RCA. Vieira et al. (2011) investigated the effect of up to 100% RCA
incorporation in concrete prepared with 445 kg/m?® Portland cement and 0.43 w/c. The
authors reported up to 24% reduction in 28-day MOE, with values of 43.7, 36.7, 40.4,
and 33.2 GPa for the Reference, 20%, 50%, and 100% RCA mixtures, respectively.

Historically, MOE is considered as a function of compressive strength and such
properties as unit weight, or type of aggregate used in concrete. European standard
(Eurocode 2) considers MOE as a function of compressive strength, with estimated
values for each strength category presented in tabular format. Japanese standard (JSCE
07) uses a tabular format to present estimations for MOE as a function of compressive
strength. However, two main categories are considered by JSCE (07): (1) normal
aggregate concrete; (2) light weight aggregate concrete.

Building design code of the American Concrete Institute (ACI 318-14) considers
two equations for estimating the MOE as a function of compressive strength: (1)
Equation (2-1) for light weight concrete with density of 1440 to 2560 kg/m?; (2) equation

(2-2) for normal weight concrete as follows:

E, = [0.043/F }(W)** (2-1)
E. = 4700 JF (2-2)

where 1%7_ is the density of concrete (kg/m?®) and £ is the compressive strength (MPa).
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Similar approach is used by the Canadian standard (CSA 2004) that considers
MOE for light weight concrete with density of 1500-2500 kg/m3, and concrete with
normal density as presented in Equations (2-3) and (2-4), respectively.

: . \L5
£ = (3300 F + 6900 = 2-3
.= (3300JF; Woezs) (2-3)
E. =4500./F (2-4)

where . is the density of concrete (kg/m®) and £ is the compressive strength (MPa).

CEB code (CEB-FIB 1990) proposes the use of compressive strength and
aggregate type for prediction of MOE as shown in Equation (2-5). The model is
developed based on data obtained from concrete made with quartzitic coarse aggregate

and correction factors were suggested for other aggregate types.

. ~ j_l;
By =g XEq [L?Fc;.- T 5f:'ﬁ;ma] 3 (2-5)

where E; is the 28-day modulus of elasticity (MPa), Af'is considered as 8 MPa, femo is
considered as 10 MPa, f is characteristic compressive strength (MPa), Eco is 2.15x10*
MPa, and ak is a correction factor, with values of 1.2, 1.0, 0.9, and 0.7 for basalt
aggregate, quartzitic aggregate, limestone aggregate, and sandstone, respectively.

Such models cannot represent the MOE in mixtures cast with recycled aggregate
accurately (Behnood et al. 2015). Given the importance of the issue, considerable effort
was devoted to quantify the effect of RCA on MOE. Such methodologies are either based
on experimental data obtained from laboratory investigation, or based on literature
survey. A summary of such models is provided below. However, considering the limited
number of data points used for development of such prediction tools, and given the
variable nature of the RCA sources, there still exists the need to expand the available
analytical models.

Ravindrarajah and Tam (1985):
E =463 " (2-6)

Ravindrarajah and Tam (1985):



E=F T 2

Dhir et al. (1999):
E.=037f+131

Dillmann (1998):
E_= 0.0.63443f + 3.0576

Mellmann (1999):
E. = D378f + 8242

Kakizaki et al (1988):

W

E. = 190 (p/2300)15 | 2o
s (f2300)™ tors

Zilch and Roos (2001):

-

E, =91 (f, +8) 73 x (p/2400)°

Corinaldesi (2010):
E_=03909f 48738

Corinaldesi (2010):

= {0.B3f,
E, =188 |—
N
Xiao et al. (2006):
o 100
2 40.1
(E.E + I )
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(2-7)

(2-8)

(2-9)

(2-10)

(2-11)

(2-12)

(2-13)

(2-14)

(2-15)

where E_ is the MOE in GPa, £. values are in MPa, and g is concrete density in kg/m?®.
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2.3.4. Shrinkage.

2.3.4.1 Drying shrinkage. Drying shrinkage is one of the main challenges that
burden the widespread use of RCA in transportation infrastructure. The porosity of the
adhered mortar, along with higher amounts of fines and dust available in RCA sources,
increases the water absorption rate of the RCA compared to virgin aggregate. Results of
a survey (Silva et al. 2014) reveals the fact that coarse RCA sources typically exhibit
absorption rates of 2% to 6%, compared to values of usually less than 2% for virgin
aggregates. Such an increase in absorption, along with the decreased restraining capacity
due to the lower rigidity of the RCA particles contribute in higher shrinkage of the
hardened concrete (Sagoe et al. 2001, Xiao et al. 2012).

Several studies have considered the effect of RCA on drying shrinkage.
Corinaldesi (2010) investigated the effect of 50% coarse RCA replacement on shrinkage
of concrete cast with 350 kg/m® of Portland cement and water-to-cement ratio (w/c) of
0.40. An increase in 28- and 56-day drying shrinkage from 260 and 340 pe to 310 and
500 pe was reported, when 50% RCA was used, which corresponded to 19% and 47%
increase. Cui et al. (2014) investigated the effect of 100% coarse RCA replacement on
drying shrinkage of concrete prepared with 400 kg/m® of Portland cement and w/c of
0.35. The authors reported an increase in 28-, 56-, and 91-day shrinkage from 310 to 470,
450 to 660, and 410 to 700 pe, corresponding to 52%, 47%, and 37% increase,
respectively. Gonzalez and Etxeberria (2016) investigated shrinkage in concrete
proportioned with 380 kg/m? of cement and w/c of 0.29. Coarse RCA from three different
sources was incorporated at replacement rates of 20%, 50%, and 100%. LA abrasion of
24.0% to 25.2%, and absorption rates of 3.74%, 4.90%, and 5.91% was reported for the
RCA. The authors reported 90-day shrinkage value of 300 pe for the Reference concrete,
compared to 320, 400, and 400 pe for 20%, 50%, and 100% RCA with absorption of
3.74%. Such values were 410, 430, and 480 pg, and 380, 480, and 720 pe for concrete
made with 20%, 50%, and 100% RCA with absorption rate of 4.90% and 5.91%,
respectively (Gonzalez and Etxeberria 2016).

Kou et al., (2007), Kou and Poon (2012), Hansen and Boegh (1985), Fathifazl et
al., (2011), Nassar and Soroushian (2012), and Gomez (2002) studied the shrinkage
behavior of the RCA-made concrete and reported that the drying shrinkage increases with
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the increase in RCA content. However, this increase is negligible up to 20% replacement
ratio (Kou et al., 2007). Domingo-Cabo et al., (2009) found that the RAC with a RCA
replacement level of 20% exhibited a similar shrinkage to the conventional concrete at
early age. For a period of 6 months, the shrinkage in RAC was only 4% higher. In the
case of a RCA replacement level of 50%, the shrinkage was 12% greater than that of the
conventional concrete after 6 months. Moreover, Sagoe et al., (2001) reported that drying
shrinkage of RAC was about 25% higher than that of conventional concrete. Kou et al.,
(2012) reported that drying shrinkage of RAC increases as the RCA replacement ratio
increases. They also observed that recycled aggregates with lower water absorption
capacities result in lower shrinkage rates. Kim and Bentz (2008) investigated the drying
shrinkage in concrete mixtures made with RCA. They reported that the RCA can provide
internal curing in concrete, which is useful in reducing drying shrinkage. Similar results
were reported by Hu et al., (2013) who reported that incorporating fine RCA is useful in
decreasing the drying shrinkage through internal curing.

A wide spread in effect of RCA on drying shrinkage can be detected from data
available in the literature. Such variations can be attributed to both the RCA
characteristics and concrete mixture proportions. For an example, Silva et al. (2015)
conducted a survey that revealed that the use of 100% coarse RCA can lead to as little as
10% to as high as 100% increase in drying shrinkage compared to similar concrete
without any RCA. Based on the survey results and regardless of the mixture
proportioning of the concrete, the authors recommended considering an average increase
of 20%, 40%, and 80% in drying shrinkage of concrete made with 20%, 50%, and 100%
RCA, respectively. Similar trends were reported by the Task Force of the Standing
committee of Concrete of Spain (Vazquez et al. 2004) where no significant change in
drying shrinkage can be expected in concrete containing up to 20% coarse RCA.
Correction factors are recommended to compensate for the incorporation of 100% RCA,
as summarized in Table 2.7. Results of a survey conducted by (NCHRP 2013) also imply
that up to 50% increase in drying shrinkage can be expected when coarse RCA is used in

concrete designated for pavement construction.
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Table 2.7 Shrinkage correction factors suggested by Vazquez et al. (2004) adapted from
(Silva et al. 2015)

Source Correction factor for drying shrinkage
20% Coarse RCA 100% Coarse RCA

Belgium 1.00 1.50

RILEM 1.00 1.50

The Netherlands 1.00 1.35-1.50

2.3.4.2 Cracking due to re-strained shrinkage. Limited studies are available on
the impact of RCA on restrained shrinkage. Adams et al. (2016) investigated the cracking
potential of concrete made with RCA. The mixtures were proportioned with 394 kg/m? of
Portland cement and water-to-cement ratio (w/c) of 0.40. A laboratory produced RCA
and a RCA from commercial source were incorporated at 25% and 100% replacements,
by mass. The laboratory RCA had a parent concrete made with rounded gravel, and the
commercial RCA was obtained from recycling airfield concrete cast with crushed
aggregate. The authors reported no significant difference between the drying shrinkage of
the mixtures made with and without RCA; spread of 50 to 100 pe was obtained after 100
days of drying. The 28-day MOE ranged from 27 GPa for the mixture with 100%
commercial RCA to 33 GPa for the Reference concrete with crushed aggregate. Times to
cracking under restrained ring test (ASTM C1581, 2016) were 5.4 and 9.3 days for the
Reference mixtures incorporating rounded and crushed virgin aggregates, respectively,
and 7.9 and 10.8 days for mixtures cast with 25% and 100% commercial RCA, and
approximately 7.5 days for laboratory produced RCA.

Jeong (2011) used ring specimens to evaluate the restrained shrinkage cracking
potential of concrete made with 100% coarse RCA. The mixtures were prepared using a
single source of RCA, 525 kg/m3 of binder and 0.42 w/cm. Initial moisture status of the
RCA was 0, 74%, or 100% of the SSD condition. No cracking was observed for the
investigated concrete by the time of test termination at 100 days. The minimum and the
maximum 28-day values of strain in steel rings of 70 and 100 pe were reported for the
Reference and the 100% dry RCA mixtures, respectively. Similar performance was
reported for mixtures proportioned with fully saturated RCA and RCA with 74%

moisture content (Jeong 2011). The strain in the steel ring ranged between 115 pg in the
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case of the mixture with 100% dry RCA to 130 pe for the mixtures with moisture content
of 74% or 100%. Further investigation using dog bone specimens revealed cracking
before 7 days. Mixture with 100% saturated RCA cracked at 5.5 days, compared to 6.7
days for the rest of the specimens (Jeong 2011).

2.3.5. Durability.

2.3.5.1 Chloride ion permeability. Andreu and Miren (2014) investigated the
electrical resistivity and RCP of concrete proportioned with 0.29 w/cm and 380 kg/m3 of
Portland cement (OPC). The authors reported decrease in 28-day electrical resistivity
from 26.8 to 25, 20.1, and 9.5 KQ.cm corresponding to increase in 28-day RCP values
from 880 to 1050, 1200, and 2070 Coulomb with the use of 20%, 50%, and 100% coarse
RCA. Kou et al. (2011) investigated the effect of RCA as a full replacement for virgin
coarse aggregate on durability of concrete prepared with 390 kg/m3 of binder and 0.5
w/cm. Increase in 90-day RCP from 3250 and 2200 to 4000 and 3800 Coulomb was
reported with the use of RCA in mixtures made with 100% OPC or binary cement with
55% GGBS, respectively. Duan and Poon (2014) investigated the relation between the
water absorption of RCA and RCP results for full coarse RCA replacement. The
investigated mixtures were prepared with 485 kg/m3 of OPC and 0.34 w/c. The authors
reported increase in total passed charge from 2050 to 2350, 2850, and 3850 Coulomb
when RCA with water absorption of 3.24%, 6.61%, and 7.1% was used, respectively.
Similar trends were reported by Kou et al. (2012) who examined concrete prepared with
410 kg/m3 of OPC and 0.55 w/c for chloride ion permeability at 90 days. Greater RCP
values were observed with higher water absorption of RCA. Increase in RCP from 4200
to 5300, 6100, and 7600 Coulomb was observed when 20%, 50%, and 100% RCA with
water absorption of 6.2% was incorporated. Such results were 4650, 5400, and 6150
Coulomb when virgin coarse aggregate was replaced with 20%, 50%, and 100% RCA
with water absorption of 3.77%.

Sim and Park (2011) observed that in the case of concrete made with coarse RCA
and partial replacement of fine recycled aggregates, there is no significant difference
between the total charges passing through the specimens (electrical conductivity) with up
to 100% fine recycled aggregate replacement. However, as the curing time increases, the

incorporation of a greater volume of fine recycled aggregate can lead to a decrease in
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conductivity. By increasing the curing period and incorporating proper types and contents
of supplementary cementitious materials (SCMs), the chloride-ion permeability could be
controlled (Sim and Park, 2011).

2.3.5.2 Freeze/thaw resistance. Several studies have considered the effect of
RCA on resistance of concrete to freeze and thaw cycles and exposure to scaling caused
by de-icing salts. Zaharieva et al (2004) investigated the frost durability of concrete made
with 100% coarse and fine RCA, 400 kg/m? of Portland cement (OPC), and free water-to-
cement ratio (w/c) of 0.27 to 0.37. The authors reported durability factor over 82% for all
investigated mixtures regardless of the degree of saturation of the RCA. However, the
highest durability factor of 100% was reported for the reference concrete cast without any
RCA. Yildirim et al. (2015) investigated the effect of up to 100% coarse RCA with 0,
50%, and 100% saturation level on freeze/thaw resistance of concrete proportioned with
400 kg/m® of cement and w/c of 0.5 to 0.7. No significant effect due to the use of RCA
was observed, with 2.4%-7.1% and 4.3%-13.2% loss in mass and vibration frequency,
respectively, after 300 cycles of freeze and thaw. Gokce et al. (2004) incorporated 100%
RCA obtained from either a source of air entrained concrete or a concrete without any air
entrainment to develop mixtures with w/c of 0.55. Up to 13% improvement in durability
factor after 500 test cycles was reported with the use of RCA from an air-entrained
source, regardless of the adhered mortar content and absorption rate of the RCA. This
was believed to be due to pressure dissipation in porous structure of the aggregates with
use of RCA from an air entrained source. However, severe drop in durability factor to
values lower than 60% after 200 cycles was reported when non-air entrained RCA or a
combination of the two types of RCA were used as coarse aggregate. Such an observation
was proved to be due to cracking of the non-porous residual mortar phase of the RCA,
along with crack propagation in the old interfacial transition zone (ITZ), which was
quantified through image analysis. In the case of the mixtures made with non-air
entrained RCA, the authors reported that even the reduction in w/cm from 0.55 to 0.30,
and the incorporation of binary cements with 10% silica fume or 10% meta kaolin could
not guaranty frost durability and values of durability factor lower than 60% were
obtained after 300 test cycles for such modified mixtures. Liu et al. (2016) also reported

increase in crack density due to freeze and thaw action in adhered mortar phase of RCA
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obtained from non-air entrained sources. Such cracking behavior was believed to be the
reason for reduced durability factor (80% vs. 95%) of mixtures cast with non-air
entrained RCA while compared to that of the mixtures made with RCA obtained from air
entrained concrete. Medina (2013), Richardson (2011), Ajdukiewicz (2002), and
Limbachyia (2000) have investigated the frost durability of the RCA-made concrete
mixtures and reported that given the similar strength grade, there is no significant
difference in freeze/thaw resistance of the RCA-made and conventional concrete. On the
other hand, Xiao et al. (2012) reported that concrete made with RCA is more susceptible
to damage due to the freeze/thaw cycles.

In summary, and based on the data available in the literature, it may be concluded
that the pore structure of the RCA can play an important role in frost durability of new
concrete. Concrete made with RCA obtained from crushing air entrained concrete can
exhibit proper resistance against frost action. The use of RCA from non-air entrained
origin on the other hand, can have negative impacts on resistance against frost action.
Speare and Ben-Othman (2000) have reported that there is no difference between the de-
icing salt scaling performance of RCA-made concrete and that of the virgin aggregate
mixtures. Movassaghi (2006) also studied the de-icing salt scaling resistance of concrete
made with RCA and reported that the scaling resistance increases with an increase in the
age of the RCA source.

2.3.5.3 Carbonation depth. Carbonation depth is proven to increase with the
increase in the RCA content in concrete (Abbas et al., 2009). The mortar phase attached
to the virgin aggregate available in RCA particles provide permeable paths through the
RCA-made concrete. This increases the depth to which carbon dioxide can reach.

2.3.5.4 Absorption. Absorption of RCA concrete is usually reported to be higher
than that of virgin aggregate concrete. This is mainly due to the attached porous mortar
content of the RCA particles that can provide more water reservoirs, thus maintaining

higher relative humidity inside the pore solution (Volz et al., 2014).

2.4. USE OF RCA IN RIGID PAVEMENT CONSTRUCTION
Most of the application of RCA in the U.S. involves the use of RCA as aggregate

in base and subbase layers (FHWA 2004). Other applications include cement-treated
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base, backfill, embankment, stabilization, erosion control (riprap), and landscaping
(ACPA 2009). According to a survey conducted by Garber et al., (2011), the use of RCA
in new concrete production is rather advanced in European and East Asian countries. For
example, in Finland, 10% of all RCA applications are bound applications implying new
concrete mixtures or cement-treated bases (Englesen et al., 2005). In Austria, RCA is
used for producing the bottom layer in two-lift concrete pavement applications. In
Australia, RCA is allowed for use in new concrete production for curbs and sidewalks.

Use of RCA in construction of rigid pavements started in early 1970’s. Most of
these pavements have performed well. However, several states in U.S. stopped using
RCA in pavement construction due to poor performance of some cases (Cuttell et al.
1997), which was associated with: (1) higher shrinkage and thermal deformations of
RCA concrete, resulting in distress in mid-panel cracks of jointed reinforced concrete
pavement (JRCP); (2) inferior load transfer along with faulting in non-doweled sections
due to reduced aggregate interlock; (3) durability issues including delayed D-cracking
due to use of RCA obtained from crushing of old concrete proportioned with aggregate
that are highly susceptible to frost damage (Wade et al. 1997).

Cuttel et al. (1997) investigated the use of RCA for construction of single layer
concrete pavements in the 1970s and 1980s in Connecticut (one section), Kansas (one
section), Minnesota (four sections), Wisconsin (two sections) and Wyoming (one
section). Jointed plain concrete pavements (JPCP), continuously reinforced concrete
pavements (CRCP), and jointed reinforced concrete pavements (JRCPs) were
investigated. Joint spacing ranged from 3.7 to 12 m, and slab thicknesses varied between
200 and 280 mm. The water-to-cementitious materials ratio (w/cm) of the incorporated
mixtures ranged from 0.38 to 0.47. Based on the core sample results, authors reported
comparable compressive strength and splitting tensile strength values for the control and
RCA sections. The modulus of elasticity results proved to be up to 18% lower than that
of the control concrete. Up to 23% increase in coefficient of thermal expansion (CTE)
was observed for the RCA-made sections. In addition, investigated sections had similar
responses to falling weight deflection test. However, inferior load transfer efficiency in
the case of RCA sections was observed (Cuttel et al. 1997). The investigation was

followed by a second survey in 2006 by Gress et al. (2009) on same sections (20- to 22-
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years old at the time of survey). Based on the field measurements and inspections, the
authors reported increase in transverse cracking and transverse joint spalling, increase in
length of deteriorated transverse cracks, and decrease (up to 0.8 points out of 5.0) in
present serviceability rating (PSR) of the pavement made with RCA.

Salas et al., (2010) used up to 100% RCA for producing concrete for rigid
pavement applications as a part of O’Hare Airports modernization project using the two
stage mixing approach developed by Tam et al. (2005). Similar or higher compressive
strength compared to the virgin aggregate mixtures, similar shrinkage to the virgin
aggregate mixtures at early ages, reduced bleeding and segregation, and similar concrete
workability was reported as a result of using RCA in concrete production. Choi and Won
(2009) studied the performance of a CRCP highway section made totally with fine and
coarse RCA located in Houston, TX. Based on the results by testing core samples, it was
observed that the average compressive strength decreased due to use of RCA. The
modulus of elasticity of the RCA concrete was lower than that of the virgin aggregate
mixture. It is interesting to note that the coefficient of thermal expansion of the RCA
concrete was similar to the virgin aggregate mixtures. The rapid chloride-ion
permeability results of the RCA concrete were surprisingly lower than that of the virgin
aggregate concrete and rated as “Very low” based on the ASTM C1202 (2012). The
sulfate content of the RCA-made and the virgin aggregate mixtures were found to be
similar. It was also reported that the RCA sections had overall good performance after
more than 10 years of service life with no structural distress taking place. The transverse
crack distributions were also found to be similar to that of the virgin limestone mixtures
(Choi and Won, 2009).

2.5. REMARKS
In general, it can be concluded that given the variable properties of RCA particles

compared to the virgin aggregate sources, the mechanical properties and durability of
concrete made with RCA may be lower than conventional concrete without any RCA.
However, the degree of variation in results depends on the concrete composition and
source of RCA. Laboratory investigation is required for the selection of RCA for use in

construction projects. Furthermore, a comprehensive test matrix is required to investigate
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the properties of concrete mixtures made with RCA for such applications as sustainable
pavement applications. Based on the results published in the literature, the following
conclusions can be made:

e Reduction in specific gravity and workability can be expected with the use of
RCA in concrete production.

e Key physical properties, including the oven-dry specific gravity, water absorption,
LA abrasion, and availability of deleterious materials, and degree of ionic
contamination (chloride ions, sulfates, etc.) should be considered in categorizing
the RCA depending the applications.

e Reduction in mechanical properties, including compressive strength, splitting
tensile strength, flexural strength, and MOE can be expected with the use of RCA.
Both the RCA content and quality affect such properties.

e Drying shrinkage can be affected by the use of RCA significantly. A greater
content of RCA with lower quality can result in higher shrinkage.

e Durability against freeze and thaw cycles can be affected by the use of RCA from
non-air entrained and low quality RCA. Carbonation, electrical resistivity,
chloride ion permeability can be affected by the use of RCA with high water

absorption and/or contaminated with chloride ions.

2.6. RESEARCH NEED
A review on the existing literature on use of RCA in transportation infrastructure

demonstrates the need to quantify the effect of using high-volume RCA on properties of
pavement concrete. Of great interest was the use of at least 50% recycled materials in
construction of single-layer rigid pavement and the use of more than 50% recycled
materials in two-lift rigid pavement systems.

Laboratory investigation and analysis of database using artificial intelligence was
employed to quantify the effect of high-volume RCA on key engineering properties of
concrete. Mechanical properties, drying shrinkage, cracking potential, and durability of
concrete designated for rigid pavement construction were investigated. Effect of RCA on

such properties was quantified within the extent of the investigated experimental domain.
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3. AGGREGATE PROPERTIES

3.1. GENERAL
The present section provides a summary of the laboratory investigation on

recycled aggregate sources for use in concrete production. Several fine and coarse RCA
sources procured from different recycling centers in the state of Missouri, Kansas, and
Illinois were examined for key engineering properties. Moreover, a source of coarse RCA
was produced and tested in the laboratory. Three different types of virgin coarse
aggregate and a source of river-bed sand were also examined in the laboratory for key
physical properties. In total, three different types of virgin coarse aggregate, the river-bed
sand, two selected types of fine RCA, and seven selected types of coarse RCA were
employed for concrete production.

3.2. LABORATORY PRODUCED RCA
The parent concrete used for the production of RCA in laboratory was a mixture

used by the Missouri department of Transportation (MoDOT) as a Class B concrete.
Such concrete has a design compressive strength of 31 MPa, typically used for interior
structural elements and substructures. Table 3.1 offers a summary of the proportions of
the concrete used for developing the RCA. The parent concrete was proportioned with
317 kg/m? of type I/l Portland cement and water-to-cement ratio (w/c) of 0.45. A source
of state approved crushed dolomite coarse aggregate (DOL2) and siliceous river-bed sand
were incorporated for developing the concrete. High range water reducing admixture
(HRWRA) and air-entraining agent (AEA) were used to reach proper initial slump and

secure 6%=*1% air content in fresh concrete.

Table 3.1 Mixture proportions of the concrete used for RCA production in laboratory

Cement Water Coarse Sand
w/c

(kg/m®) (kg/m°)
317 143 0.45 1089 772
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The concrete was delivered by a local ready mix plant. Non-reinforced concrete
beams were cast in the laboratory as shown in Figure 3.1. Cylindrical specimens were
also cast in the laboratory for monitoring the strength development during the curing
time. The beams and the companion cylindrical specimens were covered with wet burlap
and plastic sheets for 24 hours after casting. The beams were then demolded and stored in
laboratory at room temperature for 28 days, and transported to an aggregate quarry by the
end of the curing period. In total, 15.3 m® of concrete was delivered in five different
steps, each time casting five beam elements using about 3 m® of concrete. An average air
content in fresh state of 9% was obtained for the parent concrete. The concrete exhibited
an average compressive strength of 37.0 MPa at the time of crushing.

Figure 3.1 Concrete beams cast using the parent concrete for RCA production in
laboratory

A mobile crusher with both primary and secondary steel jaw crusher was used at
the quarry. The concrete was crushed and sieved to produce coarse RCA with nominal
maximum size of 19 mm, as shown in Figure 3.2. Key engineering properties of the
produced RCA were determined in the laboratory.



39

Figure 3.2 Laboratory produced coarse RCA

3.3. RCA FROM RECYCLING CENTERS
In total, 19 different types of fine and coarse RCA produced in eight recycling

centers in the states of Missouri, Illinois, and Kansas were examined in the laboratory.
The initial laboratory investigation included testing the fine and aggregate sources for key
physical properties, including the particle-size distribution, dry rodded unit weight,
specific gravity, water absorption, and the Los Angeles (LA) abrasion resistance. Table
3.2 summarizes the properties of the investigated RCA sources. Figure 3.3 presents the
particle-size distribution of the RCA sources. One source of fine RCA and three coarse
RCA sources were rejected during the initial investigations. This was due to the
availability of excessive amounts of fines and contaminations in the rejected coarse RCA,
and/or due to mono-sized gradation of the aggregates. No information was available
regarding the properties of the parent concrete used for developing the commercially
produced RCA.

The residual mortar content available in RCA particles is the main source of
variations in properties of RCA while compared to the virgin aggregate. The residual
mortar is generally more porous than the old virgin aggregate phase of the RCA particles.
Therefore, the availability of a higher content of the porous and low quality residual
mortar can result in inferior properties of RCA. Bulk of technical literature on RCA
implies that the variations in quality of RCA due to the presence of residual mortar can be
best reflected in the water absorption and oven-dry specific gravity of fine and coarse
RCA, and in the mass loss due to LA abrasion for the coarse RCA. (Silva et al. 2014;
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Butler et al. 2013; ASHTO 2015; Mc Neil and Kang 2012). Therefore, the
aforementioned characteristics were considered for selection of the RCA. Two types of
fine RCA, six types of commercially produced coarse RCA, and the laboratory produced
coarse RCA were finally used for further investigations and development of concrete
mixtures in the laboratory.

The chemical contaminations available in the RCA particles, availability of
impurities and deleterious materials, including bituminous materials, steel, organic
substances, masonry, etc. can also impact the engineering properties of the RCA.
Therefore, it the deleterious materials content of the selected coarse RCA was
determined. Samples measuring at least 4000 g were taken from each coarse RCA source.
The aggregates were washed using tap water and dried in oven set at 1105 °C until
constant mass. The impurities were handpicked from each aggregate source and weighed.
The deleterious materials content was then reported as the percentage of the initial mass
of the aggregate sample.

The aggregate soundness test introduced by ASTM C88 was modified as
proposed by Abbas et al. (2007) to determine the resistance of coarse RCA materials
against freeze-thaw cycles. The test method involved: (1) obtaining a representative
sample of different size portions of RCA as suggested by Abbas et al. (2007); (2)
washing the aggregate with tap water, drying in oven set at 110+5 °C until constant mass;
(3) immersing the aggregates in saturated solution of Sodium Sulfate; (4) exposure of
the samples to seven daily cycles of freezing and thawing with temperature range similar
to requirements of ASTM C 672 (2012) test on de-icing salt scaling; (5) washing the
aggregate using tap water, drying in oven set at 110+5 °C until constant mass, and sieving
on 4.75 mm mesh by the end of the freeze-thaw cycles; (6) calculating the percentage
mass loss for each size fraction and determining overall mass loss for each aggregate type
based on aggregate particle size distribution. Table 3.3 summarizes the results obtained

for selected RCA types.
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Aggregate Source Speci_fic uDrrl); \r/(\;gi%?](: Absorption Lg;r/:;r}glnes
gravity (kg/m?) (%) (%)
RCA1  Lambert Airport, MO* 241 - 6.80 -
RCA 2  Lambert Airport, MO* 2.11 - 7.33 -
:;;;} RCA3  Gen2 Rocs, MO 2.10 - 9.29 -
? RCA 4  Bridgetone, MO 1.90 - 14.19 -
"-% RCAS5  Surmier Recycling, IL 2.05 - 10.47 -
RCA6 KHC,KS Rejected in visual inspection
RCA1  Laboratory produced* 2.35 1437 4.56 41
RCA 2  Lambert Airport, MO* 2.38 1458 4.2 33
RCA 3  Lambert Airport, MO* 2.35 1445 4.46 33
RCA 4  Gen2 Rocs, MO 2.32 1416 4.99 35
RCA5  Bridgetone, MO 2.15 1362 8.17 43
% RCA6  Metro Fill, MO* 2.25 1397 5.75 39
% RCA7  Bridgetone, MO* 2.17 1336 7.58 44
% RCA8  Bridgetone, MO* 2.21 1357 7.13 53
© RCA9  Surmier Recycling, IL 2.21 1379 6.66 43
RCA 10 Kaw Valley, KS* 2.24 1384 6.05 38
RCA1l KHC,KS Rejected in visual inspection
RCA 12 surmier Recycling, IL Rejected in visual inspection
RCA 13

Eco Recycling , MO

Rejected in visual inspection
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Figure 3.3 Particle-size distribution of various coarse RCA sources (top) and fine RCA
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Table 3.3 Deleterious materials content and soundness of coarse RCA

Deleterious Soundness

. NMAS
Aggregate  Source materials mass loss (mm)
(% mass) (%)
RCA1 Laboratory produced 0.3 21 19
RCA 2,3 Lambert Airport, MO 4.0 19 19
RCA 6 Metro Fill, MO 45 36 19
RCA 7 Bridgetone, MO 1.3 23 19
RCA S8 Bridgetone, MO 1.9 40 125
RCA 10 Kaw Valley, KS 2.2 17 19

Table 3.4 summarizes the key engineering properties of the virgin aggregate
sources incorporated in the study. One source of well-graded siliceous river-bed sand
with fineness modulus of 2.47 was used as the natural fine aggregate. Two types of

crushed dolomite and a source of crushed limestone were also used.

Table 3.4 Physical properties of the virgin aggregate

Aggregate  Source Specific anr?{[ \rfegi(;%(: Absorption ngrﬁsr;glnes
gravity (kg/m?) (%) (%)
Sand River-bed sand, MO 2.63 - 0.40 -
Coarse1  Crushed dolomite, MO 2.73 1632 0.80 28
Coarse 2 Crushed dolomite, MO 2.72 1597 0.98 43
Coarse 3 Crushed limestone, MO 2.64 1602 0.50 24

3.4. EFFECT OF RCA ON PACKING DENSITY OF AGGREGATE
COMBINATION

Availability of a higher void content between the aggregate particles will require
more paste to fill the void between larger particles. Therefore, it is important to optimize
the aggregate combinations to ensure reducing the void volume, i.e. the required paste

content. This can be done in terms of selecting proper combinations of fine and coarse
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aggregates in concrete production. One selected source of fine RCA and one selected
source of coarse RCA were incorporated to determine the packing density of various
aggregate combinations using different replacement levels of fine and/or coarse RCA.
Natural river sand and ta source of crushed dolomite (coarse 1) were incorporated as the
virgin coarse aggregate. Several combinations of aggregates produced with fine-to-coarse
ratios ranging from O to 100% were produced in the laboratory and tested for packing
density. Fine RCA content ranged from 0 to 50% (by vol.) and the coarse RCA content
ranged from 0 to 100%. Table 3.5 summarizes the investigated test matrix.

The gyratory compactor shown in Figure 3.4 was employed to determine the
packing density of the aggregate combinations. Several trial runs were conducted to
optimize the proper pressure to make sure aggregates will not crush under loading and the
particle-size distribution of the aggregates will not change. This was more important in
the case of the coarse RCA particles. Finally, a pressure of 0.7 bar (10 psi) was selected

for running the tests. Each test was replicated at least two times.

Table 3.5 Test matrix for investigating the packing density of aggregate combinations

Fine-to-Aggregate ratio 0-100% (vol.)
Coarse aggregate Dolomite, Coarse RCA
Fine aggregate Sand, Fine RCA
Coarse RCA content 0-100%

Fine RCA content 0-50%

Table 3.6 summarizes the different fine and coarse RCA replacement levels
considered for determination of the packing density. It should be noted that the fine-to-
aggregate ratio ranged from 0 to 100% (by vol.) in all cases and the following ratios of
fine-to-aggregate were investigated for all scenarios: 0, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55,
0.6, 0.65, and 1.0.
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Figure 3.4 Gyratory compactor employed for determining the packing density of
aggregate combinations

Table 3.6 RCA replacement levels for each of the investigated categories

Fine RCA (% vol.) Coarse RCA (% vol.)
Group | 0,20 0, 30, 50
Group Il 30, 40, 50 50, 60, 70
Group 11 50 50, 70, 100

Figure 3.5 presents some of the results obtained for variations in packing density
as a function of fine-to-coarse aggregate ratio. It was observed that the packing density of
the investigated combinations varied from 0.59 to 0.79. However, regardless of the RCA
replacement level, for the range of fine-to-aggregate ratio of 0.4 to 0.5, the packing
density was mostly ranging from 0.75 to 0.77. Therefore, a fine-to-aggregate ratio of 0.42
was selected for concrete production. This ratio was validated in the laboratory to

evaluate the workability and segregation of concrete.
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Figure 3.5 Variations in packing density as a function of fine-to-aggregate ratio

3.5.

REMARKS

Properties of various fine and coarse RCA sources were investigated. Particle-size
distribution, and key engineering properties including abrasion resistance,
absorption, and specific gravity were among the investigated parameters.

Two types of fine RCA and seven types of coarse RCA were considered for
concrete production in rest of the study. Deleterious materials content was
determined for the selected coarse RCA types. Aggregate soundness test was also
conducted for the selected coarse RCA.

The fine-to-aggregate ratio of 0.42, corresponding to 42% fine and 58% coarse

aggregate (by vol.) was selected for concrete production.
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4. OPTIMIZATION OF ECO-EFFICIENT BINDER FOR
INFRASTRUCTURE CONSTRUCTION

4.1. RESEARCH SIGNIFICANCE
Enhancing the engineering properties, along with potential reductions in cost,

have urged the incorporation of supplementary cementitious materials (SCMs) in
concrete production. In addition, mitigating the environmental impacts associated with
cement production acts as another major motivate for the incorporation of cement
replacements. With an approximate rate of 0.6 to 0.7 ton of CO2 per ton of cement,
production of Portland cement accounts for about 8% of worldwide CO2 emission
(Carrasco et al. 2016, Olivier et al. 2015). SCMs are typically by-products of industrial
and/or agricultural activities with mechanisms of influence that depend on the chemical
composition and physical properties of the SCM. Fly ash (Class C or F), ground
granulated blast furnace slag (GGBS), silica fume (SF), metakaolin, zeolite, and rice husk
ash are the most widely used types of SCMs. In the case of such SCMs as GGBS, the
presence of anhydrous calcium silicate phases can contribute to hydraulic reaction in
alkaline environment. On the other hand, such SCMs as fly ash and SF with high
concentration of amorphous silica and aluminate phases can lead to pozzolanic reactions
by means of converting part of the calcium hydroxide (CH) to calcium silicate hydrate
(C-S-H), i.e. pozzolanic activity (Tashima et al. 2016).

GGBS, FA-C, and FA-F are some of the most commonly used types of SCMs. A
great amount of data is available in the literature that deal with the effect of these SCMs
on fresh and hardened properties of concrete and cementitious systems. Ground glass
fiber (GGF) is a relatively new type of SCM, obtained from recycling waste glass fibers,
with potential applications in concrete production (Hemmings 2005). Glass fibers are
typically produced with a specific type of glass that secures high electrical resistivity,
which is known as E-Glass (Rashidian and Rangaraju 2017). The raw material
incorporated in production of glass fiber is an amorphous vitreous calcium aluminio-
silicate (VCAS) powder. Production of VCAS involves heating a blend of ground silica,
lime, and alumina compounds to a molten state, followed by solidifying by quench

cooling, and grinding to a fine white colored powder (Hossain et al. 2008).



48

Given the uniform physical and chemical properties, and considering the
aluminate-silica rich composition, incorporation of GGF as a cement replacement was
suggested by (Hemmings 2005). Incorporation of GGF along with an alkaline solution of
sodium hydroxide was proposed for development of alkali activated cements in a series
of studies by Tashima et al. (2012, 2013a, 2013b). Limited studies have focused on use of
GGF as a cement replacement in concrete production. Neithalath et al. (2009)
investigated the use of up to 15% GGF as a cement replacement in the production of
binary cement paste with water-to-cementitious materials ratio (w/cm) of 0.42. Based on
the data obtained from thermo-gravimetric analysis (TGA) followed by monitoring the
variations in calcium hydroxide concentration, the authors reported that GGF had no
hydraulic qualities. However, the pozzolanic activity observed for up to 15% substitution
of such GGF was reported to be higher than that of Class F fly ash and lower than that of
SF. Hossain et al. (2008) also investigated the effects of 6%, 9%, and 15% GGF cement
replacement in concrete mixtures made with w/cm of 0.4 and 0.5. The authors reported
that the incorporation of 15% GGF resulted in an increase in slump from 75 to 200 mm in
mixtures proportioned with 0.50 w/cm and no water reducing admixture (WRA). No
significant difference in plastic shrinkage and cracking potential was reported for such
concrete made with up to 15% GGF replacement. The authors reported a decrease in
sorptivity from 0.80 to 0.62 kg/m?h®° due to the use of 15% GGF replacement in
concrete proportioned with 0.40 w/cm. The diffusion coefficient was also reduced from
3.31x107% to 1.55x10° m?h. Rashidian and Rangaraju (2017) incorporated up to 30%
GGF in production of concrete with 0.40 w/cm and 355 kg/m? of cementitious materials.
The authors reported reduction in 56-day compressive strength from 55.0 MPa in the case
of the Reference mixture to 51.0, 47.0, and 52.5 MPa due to 10%, 20%, and 30% GGF
replacement, respectively. The authors also reported that the incorporation of GGF was
helpful in mitigating the expansion of mortar bars exposed to alkali silica reaction (ASR)
test environment. The 28-day mortar expansion values were reduced from 1.2% in the
case of the Reference mixture, to 0.25%, 0.2%, and 0.1% due to 10%, 20%, and 30%
GGF incorporation, respectively (Rashidian and Rangaraju (2017).

The research presented in this section investigates the properties of concrete

equivalent mortar (CEM) mixtures proportioned with high volume SCM of up to 70%
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incorporated in binary and ternary systems. The testing program involved the evaluation
of the effect of binder composition on properties of CEM made with 0.40 w/cm. The
investigated properties included rheological properties, heat of hydration, strength

development and pozzolanic activity, shrinkage, and electrical resistivity.

4.2. EXPERIMENTAL PROGRAM
4.2.1. Concrete Equivalent Mortar Mixture Design. Originated from the

multi-scale theory (Ferraris et al., 2001, and Mahaut et al., 2008), the concept of CEM is
based on representing coarse aggregate by using an additional mass of sand to secure the
same total surface area. As stated by Hernandez et al. (2013), adopting the following
criteria is necessary to design CEM: (1) use of the same type and content of cementitious
materials, (2) use of the same water-to-cementitious materials ratio (w/cm), (3) same
mixing procedure and mixture proportion, and (4) the replacement of coarse aggregate
with extra sand with equal specific area.

The reference concrete used for the design of CEM corresponded to the mixture
employed by the Missouri Department of Transportation (MoDOT) for rigid pavement
construction. This mixture is typically proportioned with 323 kg/m? of binder and w/cm
of 0.4. Table 4.1 summarizes the mixture proportions of the reference concrete and

corresponding CEM.

Table 4.1 Mixture composition of base concrete mixture and corresponding CEM mixture

(kg/m®)
Cementitious Water Coarse Co_arse-
. w/cm Sand Equivalent
materials content aggregate
sand content
Concrete 323 0.40 129 750 1121 -

CEM 587 0.40 235 1350 - 181
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4.2.2. Materials and Mixing Procedure. Mixtures were proportioned with
Type /1l Portland cement (OPC), GGF, FA-C, FA-F, and GGBS. The chemical
composition and physical properties of the binder materials are summarized in Table 4.2.
Scanning electron microscopy (SEM) was performed on these materials as shown in
Figure 4.1. A siliceous river sand, and a lignosulfonate based water reducing admixture
(WRA) with a solid content of 37% and specific gravity of 1.2 were used. The fineness
modulus, specific gravity and absorption rate of the sand were 2.47, 2.63 and 0.4%,
respectively.

In total, 32 CEM mixtures were investigated. Table 4.3 summarizes the types and
replacement rates (by mass) of the investigated SCM. A mortar cast with 100% OPC was
considered as the Reference mixture. The test matrix included binary systems with 10%,
20%, 30%, 40%, and 50% of GGF, as well as 50% of FA-C, FA-F, or GGBS. Ternary
blends with 50% to 70% SCM replacement were also investigated. Table 4.4 summarizes
the compositions of the mixtures.

A Hobart mixer with 10-liter capacity was used. The mixing procedure consisted
of: (1) mixing the dry sand at low speed for 1 min; (2) adding half of the water and
mixing for 1 min; (3) addition of cementitious materials and mixing for 0.5 min at low
speed; (4) incorporating the WRA diluted with the rest of the water and mixing at high

speed for 2.5 min; after two minutes of rest, mixing was resumed for 3 min at high speed.

Table 4.2 Chemical composition and physical properties of cement and SCMs

Property OPC FA-F FA-C GGBS GGF
SiO2, % 19.8 49.4 36.1 36.8 50-55
Al;03, % 4.5 20.2 23.7 9.2 15-20
Fe203, % 3.2 15.0 4.9 0.76 <1
Ca0, % 64.2 6.8 27.9 37.1 20-25
MgO, % 2.7 11 4.9 9.5 <1
SO3, % 34 2.12 2.5 0.06 <0.1
Na.O eq., % - - - 0.34 <1
Blaine surface 410 455 490 590 600
area, m“/ka
Specific gravity 3.14 2.45 2.71 2.86 2.6

LOI, % 15 0.95 0.5 - <0.5
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Table 4.3 Cementitious materials replacement levels (% mass)

Mixture OPC FA-C FA-F GGBS GGF
Reference 100 - - - -

Binary 30-90 50 50 50-70 10-50
Ternary 30-50 0-50 0-50 0-50 0-50

Table 4.4 Mixture compositions of evaluated CEM mixtures

Mixture OPC FA-C FA-F GGBS GGF water = WRA Mini
Kg/m® (I/m3)  slump

Ref. 587 - - - - 235 040 253 130
C50 293 293 - - - 235 040 202 135

F50 293 - 293 - - 235 040 0.60 140

‘é’ GGF10 528 - - - 59 235 040 253 130
£  GGF20 470 - - - 117 235 040 258 125
% GGF30 411 - - - 176 235 040 235 120
S GGF40 352 - - - 235 235 040 258 120
m  GGF50 293 - - - 293 235 040 216 125
SL50 293 - - 293 - 235 040 202 125
SL70 176 - - 411 - 235 040 208 125
GGF15C35 293 205 - - 88 235 040 140 135
GGF25C25 293 147 - - 147 235 040 140 130
GGF15F35 293 - 205 - 88 235 040 140 150
GGF25F25 293 - 147 - 147 235 040 140 145
GGF15SL3 293 - - 205 88 235 040 165 140
GGF25SL2 293 - - 147 147 235 040 1.65 135
SL10C50 235 293 - 59 - 235 040 120 135
SL15C35 293 205 - 88 - 235 040 130 145

«» SL20C50 176 293 - 117 - 235 040 1.16 135
5 SL25C25 293 147 - 147 - 235 040 1.75 140
% SL30C35 205 205 - 176 - 235 040 173 145
S SL40C15 264 88 - 235 - 235 040 1.89 145
S SL45C25 176 147 - 264 - 235 040 185 135
F  SL50C15 205 88 - 293 - 235 040 150 130
SL10F50 235 - 293 59 - 235 040 092 145
SL15F35 293 - 205 88 - 235 040 175 160
SL20F50 176 - 293 117 - 235 040 046 135
SL25F25 293 - 147 147 - 235 040 1.66 145
SL30F35 205 - 205 176 - 235 040 139 140
SL35F25 235 - 147 205 - 235 040 159 150
SL45F25 176 - 147 264 - 235 040 185 125
SL55F15 176 - 88 323 - 235 040 187 125

52
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4.2.3. Test Methods. Immediately after mixing, a sample of fresh mortar was
extracted to evaluate the mini slump value using a conical mold with height and base
diameter of 50 and 100 mm, respectively. The cone was filled in two layers, and each
layer was tamped 20 times. The cone was then raised, and two diameters of the mortar
were measured in orthogonal directions after the cease of the spread. The mini slump
value corresponds to the average of the two readings. Fresh mortar samples were taken
to monitor the heat of hydration using iso-thermal calorimetry at 20°C. Calorimetry data
were logged up to 72 hours.

Fresh mortar samples were used to determine rheological properties using a
coaxial cylinder type rheometer. The mortar sample was allowed to rest initially for 5
min inside the rheometer before the first measurement of static yield stress (ts). Three
additional measurements of static yield stress were conducted, each time allowing the
sample to rest for 15 min between two successive measurements. A low shear rate of 0.04
rps was used for the shear growth measurement. The increase in applied torque was
monitored until the maximum point (Ti) was obtained, as illustrated in Figure 4.2.

The static yield stress was then determined based on the geometry of the
rheometer vane, container, and maximum torque as follows:

N 4
2mR *h

where T; is the maximum torque (N.m), Ri is the radius of the internal cylinder, i.e.
rheometer vane (m), and h is the average height of mortar in contact with the rheometer
vane (m).

Following the completion of the first measurement of static yield stress (ts), the
mortar sample was pre-sheared for 30 s at 0.35 rps. The yield stress and plastic viscosity
were then determined using a descending rotational velocity of 0.35 to 0.025 rps during
10 measurement steps. Each step took place over 4 seconds and consisted of 50 readings.
All steps were inspected on the torque-time graph to eliminate the unstable data points.
Moreover, the first 10 points of each step were excluded from analysis to ensure
reporting the average torque of each step based on stabilized readings. The time
corresponding to the first dynamic rheological properties is denoted as ts. The same
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procedure was performed at the end of last measurement of static yield stress that

corresponded to 65 min of age (tes).
Results were incorporated to produce the torque-rotational velocity graph, as

depicted in Figure 4.2. A linear function was fitted through the experimental data to
obtain the Bingham parameters. The Reiner-Riwlin equations were then employed to

determine the values of yield stress and plastic viscosity, as presented in Equations (4-2)

and (4-3) (Reiner 1949).
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Figure 4.2 Monitoring the structural build-up for static yield stress (a) and Bingham
model for analyzing the rheological properties (b)
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where R, and R; are the outside and inside radii, respectively, of the co-axial cylinders
(m), h is the height of mortar in contact with the rheometer vane (m), and G and H are
the intercept and slope of the linear fit in torque-rotational velocity graph.

For the determination of compressive strength, 50-mm cubes were employed in
accordance with ASTM C109 (2016). The samples were demolded after 24 hours and
cured in lime-saturated water at 21+1°C until the time of testing. Three samples were
tested for each of the reported compressive strength values.

Shrinkage was monitored using 25x25x285 mm prisms according to ASTM C157
(2014). Samples were cured in lime-saturated water for seven days before curing at
23+1°C and 50%z=3% relative humidity. Shrinkage data were recorded from the first day
of drying up to three months of age.

Bulk electrical resistivity was determined using 100x200 mm cylindrical
specimens according to ASTM C1760 (2012). The specimens were cured in lime-

saturated water and tested until the age of 91 days.

4.3. RESULTS AND DISCUSSION
4.3.1. Rheological Properties. Figure 4.3 presents the variations in yield stress

for the Reference CEM made with 100% OPC and binary mixtures. The Reference
mixture exhibited the yield stress values of 170 and 295 Pa for the first (ts) and second
measurement time (tes). Increasing the GGF content reduced yield stress. This could be
due to the fact that the glassy surface of GGF particles adsorb less water in comparison
with cement particles, making it possible for the extra water to act as lubricant in the
system and reduce yield stress. For the initial measurement (tg), increasing the GGF
content from 0 to 50% reduced the yield stress from 170 to 110 Pa. For the second step of
measurements (tes), increasing the GGF content from 0 to 50% reduced the yield stress
from 295 to 150 Pa.

Increase in yield stress was observed as a function of time regardless of the GGF
content. However, the GGF incorporation reduced the degree of sensitivity to time.
Results obtained for testing the Reference sample at two dynamic measurement steps

showed that the yield stress increased from 170 to 295 Pa, corresponding to a 75%
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increase. The rate of increase for sample made with 50% GGF was 36%, with an increase
in stress value from 110 to 150 Pa.

Reduction in yield stress at first measurement time (tg) was observed where 50%
SCM was incorporated in binary mixtures. The yield stress was reduced from 170 Pa in
the case of the Reference mortar to 160, 150, 140, and 110 Pa for the samples made with
50% of FA-F, FA-C, GGBS, and GGF, respectively. Similar trends were observed for the
second measurement time (tes), except for the C50 mixture. Yield stress of the Reference
mixture was 295 Pa at this time. Incorporation of 50% of FA-F, GGBS, and GGF reduced
the yield stress to 260, 220, and 150 Pa. However, the yield stress of the C50 sample was
increased to 325 Pa. The rate of increase in yield stress as a function of time was 2.2, 0.7,
3.1, 1.8, and 1.4 Pa/min for the Reference, GGF50, C50, F50, and SL50 mixtures,
respectively.

Similar trends were reported by Khayat et al. (2008) who investigated the
rheological properties of grouts prepared with w/cm of 0.4 and incorporating 0.8% by
cement weight of high range water reducing admixture (HRWRA). The authors reported
an increase in yield stress from approximately 11 to 13.0, 15, and 17 Pa due to 10%,
20%, and 30% FA-F replacements were used, respectively. Authors also reported
decrease in yield stress from 11 to 10 Pa as a result of 40% GGBS replacement in similar
grouts. Jau and Yang (2010) on the other hand reported increase in yield stress from 3.8
to 4.3 and 8.3 Pa, due to 40% and 60% FA-F incorporation in SCC mixtures with 500
kg/m?® of binder and 0.38 w/cm.

Variations in plastic viscosity of the Reference and the binary mixtures are
presented in Figure 4.4. It was observed that increasing the GGF replacement increases
the plastic viscosity. This can be due to the increased inter-particle friction caused by the
angular shape of the GGF particles. Increase in time was also influential and led to an
increase in viscosity. For the first measurement time (tg), increasing the GGF content
from 0 to 50% increased the plastic viscosity from 5.5 to 11.0 Pa.s. Similar trend was
observed for the second measurement time (tes), with an increase in plastic viscosity from
7.0to 12.9 Pa.s.
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Figure 4.3 Variations in yield stress of the Reference and binary mixtures

For both measurement times, the viscosity of the GGF50 mixture was comparable
to that of the SL50. Such an observation may be expected given the similar particle
shapes and fineness of these two powders. The rate of increase in plastic viscosity was
0.026, 0.032, 0.043, 0.035, and 0.06 Pa.s/min for the Reference, GGF50, C50, F50, and
SL50 mixtures, respectively.

Similar trends were reported by Khayat et al. (2008) who reported increase in
plastic viscosity from 177 to 415 mPa.s due to 30% Class F fly ash incorporation in
grouts proportioned with w/cm of 0.4 and 0.8% HRWRA. Authors also reported that the
incorporation of 40% GGBS in such grouts resulted in an increase in plastic viscosity
from 177 to 283 mPa.s. Gesoglu et al. (2009) also reported increase in V-funnel time, i.e.
viscosity of SCC mixtures proportioned with 0.44 w/cm and up to 60% GGBS
replacement. The authors reported that the increase in GGBS content from 0 to 40% and
60% enhanced the V-funnel time from 3.2 to 14.0 and 12.0 s, respectively. The authors

also reported an increased in V-funnel time from 3.2 to 6.0 and 4.0 s, due to 40% and



58

60% FA-F incorporation, which indicates an increase in viscosity of the mixtures
Gesoglu et al. (2009).
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Figure 4.4 Variations in plastic viscosity of the Reference and binary mixtures

Figure 4.5 illustrates the variations in static yield stress as a function of time for
the Reference and the binary mixtures. A linear time-dependent increasing trend was
observed for all mixtures. It was generally observed that incorporation of GGF and
GGBS tend to reduce the rate of increase in static yield stress. The incorporation of 50%
GGF and 50%GGBS reduced the static yield stress by 64% and 59% at te>, respectively.
Use of 50% Class C or Class F fly ash on the other hand, increased the static yield stress
by 30% and 18% at te2, respectively. The maximum and the minimum rates of increase in
static yield stress, i.e. thixotropic behavior, were observed for the C50 and GGF50
mixtures with 10.1 and 0.8 Pa/min. This rate was 7.1, 7.7, and 1.1 Pa/min for the

Reference, F50, and SL50 mixtures, respectively.
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Figure 4.5 Variations in static yield stress of the Reference and binary mixtures

A potential increase in packing density of the system can be the reason for
reduced torque values for mixtures incorporating GGBS and GGF (Ahari et al. 2015).
Similar results were reported by Ahari et al. (2015) who investigated the thixotropic
behavior of binary self-consolidating concrete (SCC) mixtures cast with w/cm of 0.44,
0.50, and 0.56. The authors reported increase in thixotropic behavior when 36% FA-C or
FA-F replacement, while structural breakdown area of such mixtures was reduced when
18% GGBS was incorporated. In the case of mixtures cast with w/cm of 0.44, breakdown
area was increased by 110% and 40% due to the use of 36% FA-C and FA-F,
respectively. About 10% decrease in breakdown area was reported due to 18% GGBS
incorporation.

4.3.2. Heat of Hydration. The rate of heat evolution and the cumulative heat of
hydration normalized to the dry mass of cementitious materials, were determined as
illustrated in Figure 4.6. The area underneath the heat evolution graph and the final value
of the accumulative heat were determined as measure of the total heat release over time.
A summary of the results obtained for investigated binary and ternary mixtures is

presented in Figure 4.7.
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Figure 4.6 Calorimetry measurement of the Reference mixture (100% OPC)

It was generally observed that for all SCM types and combinations, the
normalized total heat and the normalized cumulative heat of hydration after 72 hours
were lower than that of the Reference sample. For the binary mixtures with 50% SCM,
replacing cement with up to 50% GGF reduced the total released heat of hydration from
12.7 to 3.6 kJ.h per gram of cementitious materials. The normalized total heat of
hydration was 7.3, 9.3, and 6.5 KJ.h/g for the case of the C50, F50, and SL50 mixtures,
respectively. Replacing cement with GGF reduced the accumulative heat of hydration
significantly. The normalized cumulative hydration heat of the Reference sample after 72
hours was 310 J/g compared to 240, 210, 200, 170, and 140 J/g for GGF10, GGF20,
GGF30, GGF40, and GGF50 mixtures, respectively. In the case of the rest of binary
mixtures cast with 50% SCM, the final normalized values were 205, 190, and 170 J/g for
F50, C50, and SL50 mixtures, respectively.
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Figure 4.7 Heat of hydration during 72 hours for investigated mixtures

4.3.3. Compressive Strength. Table 4.5 presents the compressive strength
results measured at 7, 28, 56, and 91 days for investigated CEM mixtures. The reference
mixture made with 100% OPC developed compressive strength of 27.3 and 34.1 MPa at
7 and 91 days, respectively. For the CEM made with binary or ternary blends of GGBS,
FA-F, and FA-C, the minimum 7-day compressive strength of 16.4 MPa was observed
for the mixture made with 20% GGBS and 50% FA-C. The maximum 7-day compressive
strength of 38.8 MPa was obtained for CEM made with 15% GGBS and 35% FA-C. This
mixture also exhibited the maximum 91-day compressive strength of 61.5 MPa, while the
minimum 91-day compressive strength of 32.6 MPa was attributed to the mixture with
15% GGBS and 35% FA-F.

The use of high-volume GGBS in binary mixtures reduced the early age strength
development. Reduction in 7-day compressive strength from 27.3 to 22.5 and 19.9 MPa
was observed for mixtures with 50% and 70% GGBS, respectively. Improvement in long-

term compressive strength was observed for these mixtures, where the mixture made with
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70% GGBS exhibited similar 91-day compressive strength to that of mixture with 100%
OPC; about 34 MPa. An improvement of 4.5 MPa, corresponding to 13% increase in 91-
day compressive strength was observed for CEM made with 50% GGBS compared to the
reference mixture. The use of 50% FA-C increased both the 7- and 91-day compressive
strength, with values of 30.9 and 44.1 MPa, corresponding to 13% and 30% increase,
respectively, compared to the reference mixture. Trends were similar for CEM made with
50% FA-F. The 7- and 91-day compressive strength values were 13% and 51% higher
than those of the reference mixture, respectively.

Figure 4.8 presents the variation in compressive strength of mixtures made with
different amounts of GGF in binary and ternary systems. Comparing the results obtained
for binary mixtures incorporating 10% to 50% GGF, regardless of the age of testing,
compressive strength decreased with the increase in GGF content. However, the rate of
such decrease was higher at earlier ages. The incorporation of up to 50% GGF reduced
the 7-day compressive strength from 27.3 to 8.8 MPa due to cement dilution. However,
considerable improvements were observed at later ages. The compressive strength of the
Reference mixture ranged from 27.3 MPa at 7 days to 34.1 MPa at 91 days,
corresponding to 20% spread, with a marginal increase of 2 MPa between 28 and 91
days. In the case of the samples prepared with 10%, 20%, 30%, 40%, and 50% of GGF
replacement, the increase in compressive strength from 7 to 91 days was 60%, 70%,
100%, 160%, and 210%, respectively. This is principally due to the pozzolanic effect of
the GGF (Idir et al. 2011).

Hossain et al. (2005) also reported that the incorporation of up to 15% GGF with
mean particle size of 3 um in concrete cast with 0.4 and 0.5 w/cm increased the 56-day
compressive strength by a limited value of 15%.

In the case of the ternary systems made with GGF, the GGF15F35 and
GGF25F25 mixtures developed 91-day compressive strength of 34.3 and 37.6 MPa,
while the GGF15C35 and GGF25C25 mixtures exhibited strength values of 47.7 and 49.3
MPa, respectively. Based on the 91-day measurements, the combinations of the GGF/FA-
C developed the highest compressive strength, followed by the GGF/GGBS, and
GGF/FA-F combinations, with up to 45%, 28%, and 10% increase in 91-day compressive
strength compared to the Reference mixture. Regarding the relative effects of GGBS and
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GGF in ternary mixtures with fly ash, the GGBS/FA-F mixtures developed higher

strength (on average 14%) compared to the GGF/FA-F mixtures.

Table 4.5 Compressive strength results

Mixture 7-d 28-d 56-d 91-d
Ref. 27.3 33.3 326 34.1
C50 30.9 38.9 412 44.1
F50 21.0 28.9 36.3 45.9
e GGF10 19.1 24.3 26.5 28.1
7 GGF20 17.1 25.2 255 29.2
i GGF30 158 198 27.2 30.9
5 GGF40 10.2 17.1 23.2 26.3
o GGF50 8.8 20.3 26.2 27.7
SL50 225 36.3 355 38.6
SL70 19.9 29.4 29.8 34.4
GGF15C35 24.9 39.1 42.2 47.7
GGF25C25 22.8 31.7 40.9 49.3
GGF15F35 16.9 24.7 33.9 34.3
GGF25F25 15.4 25.9 28.7 37.6
GGF15SL35 23.0 31.9 38.6 44.2
GGF25SL25 22.2 24.9 39.6 43.8
SL10C50 25.8 34.6 43.3 57.1
SL15C35 38.3 38.6 51.4 61.5
o SL20C50 16.4 24.8 28.8 43.8
g _ SL25C25 21.3 46.7 48.0 49.8
>  SL30C35 20.5 26.0 35.4 54.2
> SL40CI5 28.5 41.4 455 473
£ _ SL45C25 25.0 405 45.0 48.0
—  SL50C15 235 40.9 45.1 51.2
SL10F50 18.1 33.1 34.1 412
SL15F35 16.8 30.5 29.3 326
SL20F50 17.3 32.0 36.0 42.4
SL25F25 19.8 32.0 35.5 37.1
SL30F35 24.2 375 412 47 4
SL35F25 225 335 33.6 38.8
SL45F25 31.2 43.0 50.6 51.6
SL55F15 17.1 35.5 34.2 39.3
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Figure 4.8 Cube compressive strength

Bolomey’s law introduced in Equation (4-4) was employed to investigate the pozzolanic
activity of selected SCM types and combinations, as recommended by Idir et al. (2011),
Khokhar et al. (2010), and Khelifi et al. (2013).

£ e
=5 (G %)

(4-4)

where ¢ is the compressive strength of the mortar sample, C is the mass of the portland
cement, W is the mass of water, A is the mass of the SCM, and V is the volume of the air
voids (considered as 10% here), Ky is the constant of Bolomey, i.e. a coefficient that
takes into account the characteristics of cement and aggregate, and Xy is the coefficient of
pozzolanic activity of the SCM.

The values of Ky were initially determined by fitting the data obtained from
testing the Reference specimens, cast without any SCM for each testing age. The value of

Xp was then calculated by fitting the equation to the compressive strength values
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measured for each of the SCM types and combinations, replacement level, and testing
age.

Figure 4.9 presents the variations in strength activity index for each of the binary
mixtures, along with the inert lines for each corresponding replacement level, as
recommended by Idir et al. (2011) and Afshinnia and Rangaraju (2015). It was observed
that for all GGF substitution rates, the strength activity index was lower than the inert line
until 28 days of age. This reveals the fact that the pozzolanic activity of the GGF and its
positive effect on strength development was negligible before 28 days. Moreover, the
strength activity index of less than 1.0 for binary mixtures of GGF suggest that the
pozzolanic reaction was not sufficient to compensate for the cement dilution effect.
Results were contrary to the observations of Neithalath et al. (2009) who reported
strength activity index of 1.15, 1.12, and 1.17 at 14, 28, and 56 days for mixtures

with15% GGF content with median particle size of 8 um.
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Figure 4.9 Strength activity index of binary mixtures compared to the corresponding inert
lines
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In the case of the SL50, C50, and F50 mixtures, the strength activity index was
higher than 1.0 for all investigated ages, except for the 7-day strength of the SL50
mixture. In addition, the strength activity index of the SL50, F50, and C50 mixtures were
higher than the inert line of 50%. In other words, the pozzolanic activity of these SCM
types started before 7 days, which is contrary to that of the GGF.

Figure 4.10 illustrates the variations in coefficient of pozzolanic activity for
different GGF replacement levels. Results indicate that the Xy value was not constant and
increased with time and GGF content. Similar trends were observed by Tashima et al.
(2016) who reported an increase in cementing efficiency factor from 0.51 to 0.82 for

increase in GGF content from 10% to 30%.
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Figure 4.10 Values of coefficient of activity ()

In the case of the binary mixtures cast with 50% SCM, the minimum value of Xy
was obtained for the GGF (0.43) compared to 1.33, 1.53, and 1.20 for FA-C, FA-F, and
GGBS, respectively. These results were in agreement with calorimetry measurements,
where the highest and the lowest total values of heat release were observed for the F50

and GGF50 mixtures, respectively. Trends were similar at 91 days, where the X, was



67

ranging from 0.71 to 1.80 for GGF and FA-F, respectively. Similar to the results
presented in Figure 4.9, it was observed that the values obtained for Xy at different ages
are not the same and an increasing trend was noticed as a function of time. This could be
attributed to the fact that pozzolanic reactions typically advance with time and higher rate
of pozzolanic activity is expected at later ages.

4.3.4. Drying Shrinkage. Table 4.6 summarizes the drying shrinkage results.
The Reference mixture made with 100% OPC exhibited the highest shrinkage values of
850 and 1030 pe at 7 and 120 days, respectively. The lowest 7-day shrinkage of 370 pe
was obtained for the mixture prepared with 20% GGBS and 50% FA-C. This was
followed by the CEM made with 10% GGBS and 50% FA-C, with 7-day shrinkage of
395 pe.

The minimum 120-day shrinkage of 500 pe was observed for the mixture with
20% GGBS and 50% FA-C. The use of 50% FA-C, 50% FA-F, and 50% GGBS reduced
the 7-day shrinkage from 850 to 540, 600, and 550 pe, respectively. These mixtures
exhibited 120-day shrinkage of 690, 845, and 820 ue, respectively. Based on the data
presented in Table 1 it can be concluded that the ternary systems with GGBS and FA-C
exhibited lower drying shrinkage compared to corresponding mixtures prepared with
GGBS and FA-F. For instance, the mixture made with 25% GGBS and 25% FA-C
exhibited 120-day drying shrinkage of 780 pe. Such value was 910 pe for the mixture
made with 25% GGBS and 25% FA-F.

Figure 4.11 offers a summary of the drying shrinkage of mixtures made with
different amounts of GGF in binary and ternary systems. In general, it was observed that
shrinkage is reducing as a result of increase in GGF content. The mixture proportioned
with 10% GGF exhibited 710 pe of shrinkage at 7 days, while reached the 120-day value
of 1010 pe. The incorporation of 50% GGF reduced the 7- and 120-day shrinkage values
to 600 and 875 pe, respectively. The 120-day shrinkage values of the ternary mixtures
incorporating 15% or 25% GGF was limited to 900 pe. For the ternary mixtures
incorporating GGF, the lowest 120-day shrinkage of 760 pe was observed for the
GGF15F35 mixture. This was followed by the GGF15SL35, GGF25C25 and GGF25F25
mixtures with 800, 840, and 840 pe at 120 days. In general both SL and GGF had
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comparable performance on reducing the shrinkage of the ternary mixtures with 50%

SCM replacement, regardless of the fly ash type.

Table 4.6 Summary of drying shrinkage results (ue)

Mixture 7-d 56-d 91-d 120-d
Ref. 850 1020 1020 1030

C50 540 670 680 690

F50 600 790 820 845

g GGF10 770 970 1010 1010
g GGF20 710 920 940 940
2 GGF30 660 820 890 890
5 GGF40 600 750 840 840
= GGF50 600 810 875 875
SL50 550 805 810 820

SL70 450 870 920 940
GGF15C35 440 870 890 895
GGF25C25 490 805 830 840
GGF15F35 465 740 760 760
GGF25F25 520 815 830 840
GGF15SL35 380 790 800 800
GGF25SL25 460 870 890 900
SL10C50 395 530 550 565
SL15C35 400 690 690 700

2 SL20C50 370 460 500 500
8 SL25C25 540 770 780 780
> SL30C35 500 560 580 580
> SL40C15 620 760 775 780
S SL45C25 600 795 840 815
e SL50C15 570 836 870 885
SL10F50 570 800 880 900
SL15F35 550 840 830 855
SL20F50 550 850 940 950
SL25F25 605 855 870 910
SL30F35 510 690 800 830
SL35F25 790 810 870 880
SL45F25 560 784 840 850
SL55F15 560 920 940 940
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Figure 4.11 Drying shrinkage results (u€)

4.3.5. Electrical Resistivity. Table 4.7 summarizes the bulk electrical resistivity
measurements. The reference mixture made with 100% OPC exhibited 91-day electrical
resistivity of 9.9 KQ.cm. The incorporation of FA-C in binary system was not effective in
enhancing the electrical resistivity. However, significant improvement in resistivity was
observed due to the use of FA-F or GGBS. The use of 50% FA-C, 50% FA-F, and 50%
GGBS resulted in 91-day resistivity of 5.8, 25.2, and 29.5 KQ.cm, respectively. The use
of ternary system with GGBS and FA-C was effective in enhancing the electrical
resistivity, except for the mixtures made with 50% FA-C. The mixture made with 10%
GGBS and 50% FA-C, and the one with 20% GGBS and 50% FA-C exhibited 91-day
results of 8.7 and 5.5 KQ.cm. The rest of such ternary mixtures developed electrical
resistivity ranging from 11.7 to 30.1 KQ.cm and 91 days. The use of GGBS and FA-F in
ternary mixtures enhanced the electrical resistivity significantly. The 91-day resistivity of

such mixtures ranged from 36.7 to 68.2 KQ.cm.
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Table 4.7 Electrical resistivity measurements (KQ.cm)

Mixture 28-d 56-d 91-d

Ref. 76 9.7 9.9

C50 2.6 4.9 5.8

F50 55 9.8 25.2

2 GGF10 9.0 12.6 17.4
& GGF20 15.3 27.2 39.3
Q GGF30 206 50.2 67.8
g GGF40 243 63.9 86.6
& GGF50 21.9 60.8 88.0
SL50 24.1 26.7 295

SL70 39.6 48.6 63.2
GGF15C35 10.8 18.9 24.9
GGF25C25 13.2 306 39.4
GGF15F35 135 318 38.2
GGF25F25 216 46.4 52.2
GGF15SL35 43.0 53.8 54.6
GGF25SL25 385 60.7 60.4
SL10C50 2.2 3.9 8.7
SL15C35 45 NA 14.2

" SL20C50 37 3.4 55
§  sL2scos 8.8 117 18.3
- SL30C35 3.7 5.6 11.7
> SL40CI5 16.2 221 32.4
= SL45C25 14.1 20.9 30.1
= SL50C15 114 20 NA
SL10F50 9.3 15 376
SL15F35 18.7 25.6 41.4
SL20F50 14.9 24.1 53.7
SL25F25 211 27.8 36.7
SL30F35 233 35 54.9
SL35F25 16 24.8 40.7
SL45F25 33.2 50.6 67.7
SL55F15 43.4 51.8 68.2

Figure 4.12 illustrates the bulk electrical resistivity measurements that increased
as function of GGF content. In the case of the 28-day measurements, a bulk electrical

resistivity of 7.6 kQcm was obtained for the Reference mixture in comparison with 24.3
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and 21.9 kQcm for GGF40 and GGF50 specimens. At 91 days, the resistivity of the
Reference mixture was 9.9 kQcm in comparison with 86.6 and 88.0 kQcm for GGF40
and GGF50 ones. Similar trends were observed by Hossain et al. (2005) who investigated
the rapid chloride ion permeability (RCP) of concrete mixtures made with 0.40 w/cm.
The authors reported that increasing the GGF from 0 to 15% reduced the 28-day RCP
from 4500 to 1500 Coulomb. The incorporation of GGF in ternary mixtures was also
effective in enhancing the resistivity, with best performance observed for combination of
GGF and GGBS, followed by GGF and FA-F, and GGF and FA-C.
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Figure 4.12 Electrical resistivity measurements (kQcm)

4.3.6. Cost and CO2 Emission. Given the fact that this research aims at
developing sustainable concrete for transportation infrastructure, it was necessary to take
into consideration the cost of candidate binders, as well as the CO> emission associated
with each binder type. Various sources were considered to determine the cost of different
binder compositions incorporating OPC, GGBS, FA-C, and FA-F. Various sources within
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the literature were also considered for estimating the CO, emissions. Recommendations
provided by Buhler (2011) were considered for determining the emissions. Table 4.8 is a
summary of the unit cost and emission rates considered for determining the cost per ton
of different binder compositions. Using the unit values for cost and emission as presented
in this table, the cost and carbon footprint were determined as a linear function of
cementitious materials amount:
Binder cost ($/ton) = 100 x OPC + 45x FA-C + 68x FA-F + 91x GGBS (4-5)
CO2 emission (kg/ton of binder) = 960 x OPC + 93 x Fly Ash + 155 x GGBS (4-6)

Table 4.8 Unit cost and carbon footprint of cement and cementitious materials

OPC FA-C FA-F GGBS
Cost ($/ton) 100 45 68 91
Emission rate 960 93 93 155

(kg/ton)

44, MULTI-CRITERIA OPTIMIZATION
An optimized binder composition needs to meet several requirements, including

proper mechanical properties, i.e. compressive strength, reduced shrinkage, lower carbon
footprint, and minimum possible cost. Multi-criteria decision making is therefore
necessary to select such an optimized binder composition. Weight factors were selected
as summarized in Table 4.9. The weight factors ranged from 0 to 5, indicating the least

and the most important factors, respectively.

Table 4.9 Importance weights considered in binder type optimization

Compressive

Factor strength

Shrinkage Cost CO; emission

Weight factor 3 5 5 3
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Responses included in optimization were 91-d compressive strength, 7-d and 120-
d shrinkage, cost, and emission. Experimental data were ranked from highest to least
performance. Results were then normalized from 0 to 100, indicating the lowest and the
best performances, respectively. Weight factors were then applied to the normalized data.
Closed loop star graphs were developed to compare the overall performance of each of
the binder compositions. Figure 4.13 is a sample of developed star graphs. The area of
each star corresponding to each binder composition was determined. Figure 4.14 offers a
summary of the obtained area obtained for CEM prepared with binary and ternary
combinations of GGBS, FA-C, FA-F as main candidates for further investigation through

the report.

= OPC30.SL15.FC35=——0PC355L30FC35
OPC30.5L20.FC50 OPC4535L40FCL5

Cost
300 »
450 |

91 strength co2

120 shrinkage 7shrinkage

Figure 4.13 Typical star graph incorporated for ranking the performance of binders

Given the importance of 1-day compressive strength of concrete for pavement
construction, and considering the fact that SCM replacement levels needed to be within
acceptable ranges for field practice, it was decided to select binder compositions with no
more than 50% SCM replacement. Therefore, a ternary blend produced with 50% OPC,
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35% FA-C, and 15% GGBS was finally selected as the optimized candidate for further

investigation in the concrete phase.
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Figure 4.14 Ranking the overall performance of candidate binders

Considering the overall performance of the mixtures cast with GGF, it was
decided to limit the use of GGF to 15% in concrete production. Given the acceptable
performance, a ternary blend of 50% OPC, 35% FA-C, and 15% GP was also added to
the test matrix of the concrete phase.

45. REMARKS
This section offers a summary of the experimental work and analysis conducted to

determine the key engineering properties of concrete equivalent mortar prepared with
various sustainable cementitious blends. The Reference mixture corresponded to a mortar
with 100% OPC. Different binary and ternary combinations of OPC, FA-C, GGBS, FA-
F, and GGF were investigated. The test matrix included binary systems with 10% to 50%
GGF, 50% FA-C, 50% FA-F, 50% GGBS, and 70% GGBS. Ternary systems with 15%
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or 25% GGF with either 35% or 25% of FA-F, FA-C, or GGBS were considered.
Additional ternary blends of GGBS with either FA-C or FA-F with 50% to 70% SCM

replacement were also studied. Rheological properties, heat of hydration, strength

development, shrinkage, and electrical resistivity were investigated in laboratory. Multi-

criteria decision making approach was employed to rank the performance of the

candidate binders. Based on the results obtained in this investigation, the following

conclusions are warranted:

The use of up to 50% GGF in binary mixtures reduced the rate of structure build-
up at rest from 7.1 to 0.8 Pa/min, and the yield stress was reduced from 170 to
110 Pa at 8-min measurement and 295 to 150 Pa for 62-min. The plastic viscosity
was increased by up to 100% when using 50% GGF substitution compared to the
Reference mixture. The plastic viscosity was increased from 5.5 to 11.0 Pa.s at 8-
min measurement and 7.0 to 12.9 Pa.s for 65-min.

The use of SCMs reduced the rate of hydration with both the accumulative heat of
hydration and total released heat reduced after 72 hours. Incorporating 50% GGF
reduced the total normalized released heat from 12.7 to 3.6 kJ.hr/g of binder,
while the accumulative heat of hydration was reduced from 310 to 140 J/g.

The increase in the coefficient of pozzolanic activity was observed as a function
of age and SCM replacement. Mortar mixture cast with 50% GGF exhibited the
minimum 91-day coefficient of pozzolanic activity of 0.71, compared to 1.80,
1.46, and 1.21 for the F50, C50, and SL50 mixtures, respectively.

The use of high volume SCM a replacement rates of over 50% reduced the early
age strength development. However, the long-term compressive strength values
were mostly higher than that of the mixture made with 100% OPC (34.1 MPa),
with maximum value of 61.5 MPa. The use of 15% and 25% GGF in ternary
blends was effective in enhancing the compressive strength. The best
performances were observed in the case of the GGF/FA-C mixtures, followed by
the GGF/GGBS, and GGF/FA-F, with up to 45%, 28%, and 10% increase in 91-
day compressive strength compared to the Reference mixture.

Both the early age and long-term shrinkage values reduced with the use of SCMs.

The maximum 7- and 120-day shrinkage values of 850 and 1030 ue were
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observed for the mixture made with 100% OPC. Reduction in 120-day shrinkage
to values as low as 500 pe was observed with high-volume SCM incorporation,
with replacement rates of up to 70%.

The use of FA-F, GGBS, and GGF was effective in enhancing the electrical
resistivity of the investigated binder systems. Bulk electrical resistivity was
increased from about 10 to 88 kQcm due to 50% GGF replacement. For the
investigated ternary mixtures cast with 15% or 25% GGF, the 91-day bulk
electrical resistivity values ranged from 25 to 60 KCQcm, in comparison with 10
KQcm for the Reference mixture.

Multi criteria decision making was conducted to rank the overall performance of
binary and ternary mixtures prepared with various amounts of GGBS, FA-C, and
FA-F. Given the technical considerations, cost, emissions, and considering the
performance of the investigated mixtures, it was decided to use a ternary blend of
50% OPC, 15% GGBS, and 35% FA-C as a candidate binder for concrete
production. The CEM made with this binder exhibited 91-day compressive
strength of 61.5 MPa and 120-day drying shrinkage of 700 pe, and electrical
resistivity of 14.2 KQ.cm.

Considering the overall performance of the mixtures cast with GGF, it was
decided to limit the use of GGF to 15% in concrete production. Given the
acceptable performance, a ternary blend of 50% OPC, 35% FA-C, and 15% GP
was also added to the test matrix of the concrete phase. The CEM made with this
binder exhibited 91-day compressive strength of 47.7 MPa and 120-day drying
shrinkage of 900 e, and electrical resistivity of 24.9 KQ.cm.
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5. EFFECT OF RCA ON MECHANICAL PROPERTIES OF CONCRETE
FOR PAVEMENT CONSTRUCTION

5.1. RESEARCH SIGNIFICANCE
This section presents the results of the experimental work conducted to evaluate

the performance of concrete mixtures proportioned with different types and contents of
fine and coarse RCA. The goal was to investigate the effect of RCA on key mechanical
properties of concrete made with RCA for rigid pavement application.

Concrete with normal compressive strength is typically used for rigid pavement
construction. As stated earlier, the incorporation of RCA as a replacement for virgin
aggregate affects the mechanical properties of concrete, including the compressive
strength. Therefore, it is required to investigate the effect of both RCA characteristics and
content on compressive strength of concrete.

Flexural strength of concrete is another concrete property that can affect the
design of rigid pavement. For a given thickness of pavement, the stress ratio defined as
the ratio of the maximum tensile stress to material’s flexural strength, affects the number
of traffic loading cycles required for fatigue life of the pavement.

Modulus of elasticity (MOE) is considered as one of the key mechanical
properties that govern the design and serviceability of rigid pavements, which can be
significantly affected by the use of RCA. Variations in MOE influence the stress and
deflection due to traffic loading, deformation due to environmental effects, and optimum
pavement panel length. Therefore, it is necessary to quantify the effect of RCA on MOE
of concrete designated for rigid pavement construction.

Compressive strength, splitting tensile strength, MOE, and flexural strength of
concrete made with w/cm of 0.37 and 0.40 prepared with binary or ternary cement were
investigated. The binary system was adopted from the concrete mixture design used by
the Missouri Department of Transportation (MoDOT) for rigid pavement construction.
The ternary cement was selected based on the data presented in previous sections.
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5.2. EXPERIMENTAL PROGRAM
An experimental program was undertaken to investigate the performance of RCA

concrete mixtures for pavement applications. Class PCCP concrete used by MoDOT was
employed as the reference concrete. This concrete was prepared with 323 kg/m® of
cementitious materials, 25% Class C fly ash, w/cm of 0.40, sand-to-aggregate ratio (S/A)
of 0.42, and without any RCA.

5.2.1. Materials. The cementitious materials used for the development of the
investigated concrete included a Type /1l Portland cement (OPC), Class C fly ash (FA-
C), ground granulated blast furnace slag (GGBS), and ground glass fiber (GGF). The
mixtures were proportioned with either a binary or a ternary cement. The binary cement
was composed of 75% (by mass) OPC and 25% FA-C. The ternary systems included a
binder with 35% FA-C+15% GGBS (by mass), and a system with 35% FA-C+15% GGF
(by mass). Crushed dolomite or crushed limestone coarse aggregate with nominal
maximum size of 19 mm were incorporated as the virgin coarse aggregate in
proportioning the concrete mixtures. Coarse RCA procured from seven different sources,
including six types from commercial recycling centers and one type of a laboratory
produced RCA, were considered. Table 5.1 summarizes the aggregate properties. A
lignum-based water reducing admixture (WRA) with specific gravity of 1.2 and 40%
solid content, and an air-entraining admixture (AEA) were incorporated.

5.2.2. Concrete Mixture Proportions. In total, 53 concrete mixtures were
produced with w/cm ranging from 0.37 to 0.42. The investigated mixtures were
proportioned using the DOL1 or LIM as virgin coarse aggregate. The AEA was used to
secure 6%=1% air and the WRA was incorporated to attain required initial slump values.
Three different groups of concrete were developed and tested in the laboratory. A
summary of the mixture properties is presented below:

Group I: concrete mixtures were produced with different replacement ratios (%
vol.) of the fine RCAL and coarse RCA1. All mixtures were produced with DOL1 as
virgin coarse aggregate. Binary cement with 25% FA-C was used for developing the
reference concrete. Two additional mixtures were prepared without any RCA, using the
ternary system with 15% GGBS and 35% FA-C, with 0.37 and 0.40 w/cm. The rest of the

mixtures were proportioned with the same ternary cement, except for one mixture that
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was produced with a ternary system of 35% FA-C and 15% GGF. This concrete
incorporated 30% (by vol.) coarse RCA1 and 0.37 w/cm.

Table 5.2 summarizes the mixture proportions and fresh properties of the concrete
investigated in Group I. A coding system was adapted to label the concrete mixtures,
which indicates the RCA type and content, the binder type, and the w/cm. For instance,
the “RCA2-50-B-40” mixture refers to the concrete containing 50% (by vol.) of “RCA2”,
binary cement (B), and 0.40 w/cm.

Group II: crushed limestone was used as the virgin coarse aggregate. The
reference concrete was prepared with 0.40 w/cm, binary cement with 25% FA-C, and
without any RCA. The mixture were produced with coarse RCA2 fixed at 30% (by vol.).
The fine RCA2 was used as a replacement for river sand in replacement rate of 0 to 20%
(by vol.). The w/cm ranged from 0.37 to 0.42, and FA-C content varied from 25% to
40%. Table 5.3 summarizes the mixture proportions and fresh properties of the concrete
investigated in Group Il. A coding system was adapted to label the concrete mixtures,
which indicates the Class C fly ash content, fine RCA2 content, and the w/cm. For
instance, the “C35-F15-37” mixture refers to the concrete containing 35% (by mass) of
fly ash, 15% (by vol.) fine RCA2, and 0.37 w/cm.

Group HI: Crushed dolomite (DOL1) was used as the virgin coarse aggregate.
The mixtures were prepared with binary cement and 0.40 w/cm, or with ternary cement
and 0.37 w/cm. The binary system included 25% (by mass) FA-C, while the ternary
system composed of 35% FA-C and 15% GGBS. Six different sources of coarse RCA
were use at 30%, 50%, and 100% replacement rates. No fine RCA was used for
producing the concrete of Group Ill. Table 5.4 summarizes the mixture proportions and
fresh properties of the investigated mixtures. The concrete labeling system is similar to

that used for mixtures in Group 1.



Table 5.1 Virgin aggregate and RCA properties

Aggregate Source Specific Absorption Los Angles NMAS
gravity (%) abrasion (%) (mm)
Sand River-bed sand 2.63 0.40 - 4
Fine RCAl Residual concrete, airfield 2.11 7.33 - 4
Fine RCA2 Residual concrete, airfield 241 6.80 - 4
Virgin coarse 1~ Dolomite (DOL1) 2.73 0.80 28 19
Virgin coarse 2  Limestone (LIM) 2.64 0.50 24 19
RCAl Residual concrete, airfield 2.35 4.46 33 19
RCA2 Residual concrete, airfield 2.38 4.20 33 19
RCA3 Laboratory produced RCA 2.35 4.56 41 19
RCA4 Commercial recycling, Missouri 2.25 5.75 39 19
RCASG Commercial recycling, Kansas 294 6.05 38 19
RCAG Commercial recycling, Missouri 217 758 44 19
RCA7 Commercial recycling, Missouri 291 713 53 125
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Table 5.2 Mixture proportions and fresh properties of the concrete investigated in Group |

Mix. Binder OPC GGBS FAC Water DOL C-RCAL Sand F-RCAL | CRCAL F-RCAL Ajr  Slump
(kg/m?) wiem o) (mm)
(% mass) (kg/m?) (% vol.)
DOL1-B-40 323 75 - 25 0.40 129 112 0 782 0 0 0 6.2 85
DOL1-T-37 323 50 15 35 0.37 120 113 0 793 0 0 0 7.2 65
DOL1-T-40 323 50 15 35 0.40 129 112 0 782 0 0 0 5.0 85
RCA1-30-T-37 323 50 15 35 0.37 120 795 293 793 0 30 0 6.8 85
RCA1-30-T-40 323 50 15 35 0.40 129 784 290 782 0 30 0 5.0 75
RCA1-30-T-37-15F 323 50 15 35 0.37 120 795 293 674 96 30 15 5.0 85
RCA1-30-T-40-15F 323 50 15 35 0.40 129 784 290 665 94 30 15 5.0 40
RCA1-40-T-40-15F 323 50 15 35 0.40 129 672 386 665 94 40 15 5.9 65
RCA1-50-T-37 323 50 15 35 0.37 120 568 489 793 0 50 0 7.0 85
RCA1-50-T-40 323 50 15 35 0.40 129 560 482 782 0 50 0 54 50
RCA1-50-T-37-15F 323 50 15 35 0.37 120 568 489 674 96 50 15 6.8 85
RCA1-50-T-40-15F 323 50 15 35 0.40 129 560 482 665 94 50 15 5.6 65
RCA1-50-T-40-30F 323 50 15 35 0.40 129 560 482 548 188 50 30 5.0 85
RCA1-50-T-40-40F 323 50 15 35 0.40 129 560 482 469 250 50 40 5.0 50
RCA1-60-T-40-30F 323 50 15 35 0.40 129 448 578 548 188 60 30 5.0 50
RCA1-70-T-37 323 50 15 35 0.37 120 341 685 793 0 70 0 55 75
RCA1-70-T-40 323 50 15 35 0.40 129 336 675 782 0 70 0 6.9 85
RCA1-70-T-40-15F 323 50 15 35 0.40 129 336 675 665 94 70 15 54 50
RCA1-70-T-40-30F 323 50 15 35 0.40 129 336 675 548 188 70 30 5.2 25
RCA1-30-GGF15-37 323 50 -* 35 0.37 120 795 293 793 0 30 0 55 75

*This mixtures was prepared with 15% GGF instead of GGBS for ternary binder
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Table 5.3 Mixture proportions and fresh properties of the concrete investigated in Group |1

| ginger OPC FAC wicm Water LIM C-RCA2 Sand | F-RCA2 C-RCA2 F-RCA2 Air  Slump
Mb ko/m?)  (opwt) (% wt.) %)  (mm)
LIM-B-40 323 75 25 040 129 1121 0 745 0 0 0 55 65
C35-F0-40 323 65 35 040 129 785 303 745 O 30 0 52 9%
C35-F15-37 323 65 35 037 120 785 303 633 102 30 15 55 50
C40-F2037 323 60 40 037 120 785 303 596 136 30 20 53 50
C35-F10-42 323 65 35 042 136 785 303 670 68 30 10 53 65
C25-F15-40 323 75 25 040 120 785 303 633 102 30 15 52 50
C25-F1037 323 75 25 037 120 785 303 670 68 30 10 60 40
C25-F0-40 323 75 25 040 129 785 303 745 O 30 0 59 40
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Table 5.4 Mixture proportions and fresh properties of the concrete investigated in Group 11

Mix. Binder OPC GGBS FA-C Water DOL C-RCA Sand RCA Air  Slump
(kg/m?) (% mass) wiem (kg/m) G6vol) (%)  (mm)
RCA1-50-B-40 323 75 0 25 040 129 560 482 782 50 72 115
RCA1-100-B-40 323 75 0 25 040 129 0 965 782 100 5.0 100
RCA3-30-B-40 323 75 0 25 040 129 784 289 782 30 63 65
RCA3-50-B-40 323 75 0 25 040 129 560 482 782 50 58 70
RCA4-30-B-40 323 75 0 25 040 129 784 277 782 30 61 55
RCA4-50-B-40 323 75 0 25 040 129 560 462 782 50 52 65
RCA4-100-B-40 323 75 0 25 040 129 0 923 782 100 50 115
RCA5-30-B-40 323 75 0 25 040 129 784 276 782 30 55 50
RCA5-50-B-40 323 75 0 25 040 129 560 460 782 50 51 65
RCA5-100-B-40 323 75 0 25 040 129 0 920 782 100 6.0 100
RCA6-30-B-40 323 75 0 25 040 129 784 268 782 30 58 45
RCA6-50-B-40 323 75 0 25 040 129 560 446 782 50 60 80
RCA7-30-B-40 323 75 0 25 040 129 784 272 782 30 59 65
RCA7-50-B-40 323 75 0 25 040 129 560 453 782 50 68 75
RCA7-100-B-40 323 75 0 25 040 129 0 907 782 100 7.0 135
RCA3-30-T-37 323 50 15 35 037 120 795 292 793 30 60 60
RCA3-50-T-37 323 50 15 35 037 120 568 488 793 50 68 65
RCA4-30-T-37 323 50 15 35 037 120 795 279 793 30 62 55
RCA4-50-T-37 323 50 15 35 037 120 568 466 793 50 54 70
RCA5-30-T-37 323 50 15 35 037 120 795 279 793 30 55 35
RCA5-50-T-37 323 50 15 35 037 120 568 466 793 50 56 35
RCA6-30-T-37 323 50 15 35 037 120 795 271 793 30 58 45
RCA6-50-T-37 323 50 15 35 037 120 568 451 793 50 52 50
RCA7-30-T-37 323 50 15 35 037 120 795 272 793 30 54 55
RCA7-50-T-37 323 50 15 35 037 120 568 460 793 50 60 50

€8
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5.2.3. Specimen Preparation and Testing. A drum mixer with 110-1 capacity
was used for preparing the concrete. The batching sequence consisted of: (1) mixing the
aggregates and one third of the water at low speed for 3 min to ensure homogenized
distribution and saturation of the particles; (2) AEA diluted in one third of the mixing
water was added and agitation continued at high speed for 1 min; (3) introducing the
cementitious materials and mixing for 1 min at high speed; (4) WRA was diluted in rest
of the water and added to the batch and mixed for 2 min at high speed. After 2 min of
rest, mixing was resumed for 3 min at high speed. Slump and air content in fresh state
were determined according to ASTM C143 (2015) and ASTM C231 (2014), respectively.

A vibrating table was used to secure proper consolidation of the concrete. The
specimens were covered with wet burlap and plastic sheets up to 24 hours after casting.
The specimens were then cured in lime-saturated of 21+2 °C up to the time of testing. A
grinder machine was used for the preparation of the cylindrical specimens used for the
determination of compressive strength and MOE.

For the determination of compressive strength, 100x200 mm cylindrical
specimens were employed in accordance with ASTM C39 (2001). Three samples were
tested for compressive strength values. Similar samples were used for testing the splitting
tensile strength in accordance with ASTM C469 (2010). The flexural strength was
measured on 75x75x400 mm or 150150500 mm beams in accordance with ASTM C78
(2010). Two specimens were tested for each mixture at each testing age. A four-point
bending setup was used for testing the flexural strength. A schematic of the test setup is
presented in Figure 5.1. The load is applied on the concrete beam, and the failure load (P)

is recorded. The flexural strength is then calculated using the following equation:

Sy Fl
T BR2 (5-1)

where R= modulus of rupture (MPa), P = the ultimate load (N), | = span length, , =

average beam width at fracture (mm), and h= average beam height at fracture (mm).

Cylindrical specimens measuring 100x200 mm were used for determining the
modulus of elasticity, according to ASTM C469. Figure 5.2 shows the test setup used for
measuring the modulus of elasticity.
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Figure 5.1 Simply supported beam for determining the
flexural strength (ASTM C78)

Figure 5.2 Modulus of elasticity test setup

The loading cycles were repeated three times for each sample. The vertical strain
of the specimen corresponding to each stress level was measured using a LVDT system.
The results were then used for determining the modulus of elasticity based on the

following equation:
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E= — > (5'2)
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where E= chord modulus of elasticity (GPa), So= stress corresponding to 40% of the
ultimate load capacity, S1= stress corresponding to a longitudinal strain of 0.000050, and

e2= longitudinal strain caused by the stress S».

5.3. RESULTS AND DISCUSSION
5.3.1. Compressive Strength.

5.3.1.1 Effect of mixture parameters and fine RCA. Table 5.5 summarizes the
compressive strength results obtained for the first group of investigated concrete, with
various contents of coarse RCAl and fine RCALl. The maximum 1-day compressive
strength of 15 MPa was observed in the case of the MoDOT reference mixture with 75%
OPC and 25% FA-C. The rest of the mixtures prepared with ternary cement with 50%
SCM exhibited 1-day compressive strength ranging from 6.0 to 12.5 MPa.

All investigated mixtures met the minimum compressive strength requirement of
28 MPa at 28 days. The maximum 28-day compressive strength of 49 MPa was observed
for the samples proportioned with ternary blend of 15% GGF + 35% FA-C and for the
RCA1-30-T-37-15F mixture with w/cm of 0.37. The minimum 28-day strength of 31.4
MPa was observed in the case of the mixture proportioned with 50% coarse RCAL, 40%
fine RCA1, and w/cm of 0.40. An increase in compressive strength as a function of
extended curing period was observed for all specimens. The maximum 91-day strength of
61.0 MPa was in the case of the RCA1-30-GGF15-37 mixture, proportioned with 30%
coarse RCA1 and w/cm of 0.37, and incorporating a ternary system of 15% GGF and
35% FA-C. Results highlight the encouraging performance of the RCA-made mixtures
proportioned with the optimized binder composition and reduced w/cm.

Based on the data obtained for concrete made with 50% or 70% coarse RCAL,
0.40 w/cm, and different fine RCAL contents of 0 to 40%, a reduction in compressive
strength due to the use of fine RCA1 was observed. For the first group of such mixtures
prepared with 50% RCA1, the increase in fine RCAL from 0 to 40% reduced the 28-day

compressive strength from 40.5 to 31.4 MPa, corresponding to up to 22% reduction. Such
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values ranged from 48.0 to 41.5 MPa at 91 days, corresponding to 14% reduction in 91-

day compressive strength due to 40% fine RCA1 replacement.

Table 5.5 Compressive strength results of concrete made with different contents of coarse
RCAL and fine RCAL1 (Group I) (MPa)

Mixture 1 day 7 days 28 days 56 days 91 days
DOL1-B-40 15.0 32.0 38,5 42.0 46.5
DOL1-T-37 10.0 32.9 50.0 54.3 58.6
DOL1-T-40 8.5 28.0 415 49.5 50.5
RCA1-30-T-37 125 34.0 44.0 55.0 59.5
RCA1-30-T-40 8.5 26.0 40.0 46.5 45.5
RCA1-30-T-37-15F 115 39.0 49.0 57.0 56.0
RCA1-30-T-40-15F 7.0 24.5 37.0 40.0 45.8
RCA1-40-T-40-15F 6.5 20.5 31.5 38.0 40.5
RCA1-50-T-37 7.5 36.0 47.0 52.5 54.5
RCA1-50-T-40 8.5 29.5 40.5 46.5 48.0
RCA1-50-T-37-15F 6.0 30.0 415 43.0 49.0
RCA1-50-T-40-15F 8.0 235 38.5 42.5 41.0
RCA1-50-T-40-30F 7.0 23.0 32.0 39.5 43.5
RCA1-50-T-40-40F 7.0 23.0 31.4 34.5 41.5
RCA1-60-T-40-30F 8.0 25.5 37.1 39.5 43.0
RCA1-70-T-37 6.0 30.0 46.5 51.5 53.0
RCAL1-70-T-40 7.5 24.0 36.5 40.5 44.5
RCAL1-70-T-40-15F 6.6 215 35.0 37.5 44.5
RCA1-70-T-40-30F 8.5 27.0 37.0 41.0 43.0
RCA1-30-GGF15-37 6.5 37.0 49.0 56.0 61.0

For the concrete prepared with 70% coarse RCAL, the reduction in 28- and 91-
day compressive strength due to 30% fine RCAL incorporation was negligible. One
justification for this observation can be the higher air content of the concrete made with

70% coarse RCA1 and without any fine RCAL (7.0%) compared to lower air contents of
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5.4% and 5.2% for corresponding mixtures prepared with 15% and 30% fine RCA1,
respectively.

In the case of the concrete made with 0.37 w/cm and 30% or 50% coarse RCA2,
the use of 15% fine RCAL also reduced the compressive strength results. The use of 15%
fine RCA reduced the 91-day compressive strength of the concrete with 30% coarse RCA
from 59.5 to 56.0 MPa, corresponding to 6% reduction. Such a reduction (due to the use
of 15% fine RCA) was 10% (from 54.5 to 49.0 MPa) in concrete incorporating 50%
coarse RCA2. In general and based on the data presented in Table 5.5, it can be concluded
that the use of fine RCA can reduce the compressive strength significantly. However, the
use of proper binder composition and the reduction in w/cm can be considered as effective
means for compensating for the negative impacts of the fine RCA on compressive
strength.

Similar results were observed in the case of mixtures prepared with different
combinations of fine RCA, w/cm, and FA-C replacement, presented in Table 5.6. The
reference concrete made with limestone coarse aggregate, 0.40 w/cm, 25% FA-C, and
without any RCA, exhibited the 28- and 91-day compressive strength of 43.5 and 51.8
MPa, respectively.

Table 5.6 Compressive strength results of concrete made with different contents of coarse
RCAZ2 and fine RCA2 (Group I1) (MPa)

Age LIM-B-40 | C35-F0-40 C35-F15-37C40—F20-37‘C35-F10-42|C25-F15—40‘CZ5—F10-37 C25-F0-40
1d 198 20.2 18.7 17.3 19.8 222 213 18.7

7d 354 35.6 35.5 37.9 33.1 37.6 34.0 34.1
28d 435 52.1 53.6 48.5 42.7 49.5 48.8 42.1
56d 48.1 53.2 54.8 55.7 49.5 52.4 50.0 46.6
91d 518 56.7 53.2 54.3 50.9 50.3 52.2 48.0

The use of 30% coarse RCA2 reduced the 28- and 91-day compressive strength to
42.1 and 48.0 MPa, corresponding to 3% and 7% reduction, respectively. The adjustments
in mixture design parameters, including the reduction in w/cm to 0.37 and the use of 35%

or 40% FA-C were effective in enhancing the compressive strength. Results presented in
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Table 1 indicate 91-day compressive strength ranging from 50.3 to 56.7 MPa in mixtures
made with 30% coarse RCAL, and up to 20% fine RCA2.

5.3.1.2 Effect of coarse RCA content. Figure 5.3 presents the variations in
compressive strength of mixtures made with 0 to 70% coarse RCAL. The investigated
mixtures were prepared with ternary cement (15% GGBS+35% FA-C), with 0.37 and 0.40
w/cm. In general, decrease in compressive strength was observed with the use of RCA.
Rate of such reduction was 12% for both 28- and 91-day measurements of concrete with
0.40 w/cm at 70% RCAZ1 replacement. Reduction in compressive strength of 7% and 10%
was observed for the 28- and 91-day results of concrete with 0.37 w/cm at 70% RCA1
replacement.

Figure 5.4 presents the effect of 30% and 50% coarse RCA obtained from various
sources on compressive strength of concrete prepared with ternary cement (15%
GGBS+35% FA-C) and 0.37 w/cm, investigated in Group Ill. In general, a tendency to
reduction in compressive strength was observed due to the RCA incorporation. Similar
trends were obtained with the use of 30%, 50%, and 100% of coarse RCA from different
sources in concrete prepared with 0.40 w/cm and binary cement with 25% FA-C.
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Figure 5.3 Effect of RCA type on compressive strength of concrete prepared with ternary
cement and 0.37 w/cm (Group I11)
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Figure 5.4 Effect of RCA type on compressive strength of concrete prepared with binary
cement and 0.40 w/cm (Group I11)

5.3.1.3 Effect of coarse RCA properties. Results presented in previous sections
indicate that a considerable spread in compressive strength can be observed for a given
RCA content, thus indicating that the compressive strength is affected by the properties
of RCA. Different properties of coarse aggregate, including aggregate shape, surface
texture, maximum size, etc. can affect the mechanical properties of concrete. However,
given the fact that all investigated coarse aggregate sources were crushed and had rough
surface textures, and considering the limitations in quantifying such factors on
mechanical properties, the main characteristics for coarse RCA (Silva et al. 2014)
including water absorption, Los Angeles (LA) abrasion resistance, and oven-dry specific
gravity were employed for further analysis. It should be noted that these physical
properties (water absorption, specific gravity, and mass loss due to LA abrasion), are
employed by the standards, recommendations, and guidelines to define RCA quality
(Butler et al. 2013; ASHTO 2015; Mc Neil and Kang 2012).

The residual mortar phase available in RCA particles is the main source of
difference in properties of RCA compared to virgin aggregate (Silva et al., 2014). A
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higher content of residual mortar is normally expected to cause greater impact on
engineering properties of RCA, i.e. lower specific gravity, higher absorption rate, and
higher mass loss due to LA abrasion. An aggregate skeleton formed by the combination
of virgin and recycled aggregate is therefore expected to exhibit relatively higher water
absorption, greater LA abrasion, and lower specific gravity, compared to virgin
aggregate. This is in agreement with data reported by Omary et al. (2016) that describe
the properties of an aggregate blend as a linear combination of the properties of the blend
constituents. Such a concept can be incorporated to calculate the properties of the
aggregate combination as a function of the relative mass/volume of the fractions found in
the composition. The following equations were used to determine the oven-dry specific
gravity, water absorption, and mass loss due to LA abrasion of a given combination of
coarse aggregate, respectively, as suggested by Omary et al. (2016).

Coarses, = [[(Massgey X RCAg J+ (Massy, X NCy)]/(Mass,., +Massy:)  (5-3)
Coarsey,, = [(Massgey XRCAy, ) + (Massy. X NCy,, )1/ (Massg., +Massy]  (5-4)

Coarsey, = [[(Massge, X RCA; ) +(Massy, X NCp,J1/(Massy., +Massy.]  (5.5)

where Massrca is the RCA content (kg/m®), Massnc is the virgin coarse aggregate
content (kg/m?), RCAsg is the oven-dry specific gravity of RCA, NCsc is the oven-dry
specific gravity of the virgin coarse aggregate, RCAans is the water absorption of the
RCA (%), NCabs is the virgin coarse aggregate absorption rate (%), RCA_a is the mass
loss due to LA abrasion of RCA (%), NCya is the mass loss due to LA abrasion of the
virgin coarse aggregate (%), and Coarsesc, Coarseap, and Coarse.a are the oven-dry
specific gravity, water absorption rate (%), and LA abrasion (%) of the coarse aggregate
combination, respectively.

Data obtained from testing concrete with different types and contents of coarse
RCA were incorporated to establish correlations between the combined aggregate
physical properties and compressive strength at different testing ages. Two main

scenarios were investigated: (1) concrete prepared with 323 kg/m?® of binary cement (25%
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FA-C) and 0.40 w/cm; (2) concrete made with 323 kg/m® of ternary cement (15%
GGBS+35% FA-C) and 0.37 w/cm.

Figure 5.5 presents the correlation between the LA abrasion of the combined
coarse aggregate and compressive strength results obtained for the investigated concrete.
Reduction in compressive strength was observed with an increase in LA abrasion value
of the coarse aggregate combination. In other words, result indicate that a higher coarse
RCA content, and/or the use of RCA with lower quality result in reductions in
compressive strength of concrete. Values of R? ranged from 0.60 to 0.70 for the 28-day
and 91-day results of the ternary mixtures. The slopes of the trend lines were higher in
the case of the mixtures prepared with ternary cement and 0.37 w/cm, indicating that the
rate of reduction in compressive strength is more sensitive to the increase in RCA content
and/or the use of RCA of lower quality.

Figure 5.6 presents the correlation between the water absorption of the combined
coarse aggregate and compressive strength results. Reduction in compressive strength
was observed as a function of higher absorption rate of the combined coarse aggregate.
Values of R? obtained for the linear correlation between the compressive results and the
combined water absorption ranged between 0.53 and 0.66 for the ternary mixtures.
Higher spread was obtained for the binary mixtures, making it difficult to develop trend
lines. However, it can be stated that stronger correlations were obtained for the concrete
made with ternary cement and 0.37 w/cm, while compared to the ones prepared with
binary cement and 0.40 w/cm.

Figure 5.7 presents the correlations between the oven dry specific gravity of coarse
aggregate combination and compressive strength at different ages. As expected,
compressive strength was increased as a function of increase in specific gravity of
combined coarse aggregate. In general, stronger correlations were observed for the
ternary mixtures compared to the binary concrete for corresponding ages. Moreover, the
trend lines for the ternary mixtures had higher slopes than the binary ones, suggesting
that the increase in RCA content and/or use of lower RCA quality can have a more

pronounced effect on rate of variations in compressive strength.
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Figure 5.5 Effect of combined coarse aggregate LA abrasion on compressive strength;
Top: ternary mixtures, Bot.: binary mixtures

In general, it was observed that the variations in LA abrasion and water
absorption of the combined coarse aggregate can be considered as proper means of

estimating the effect of coarse RCA on compressive strength of concrete. No significant
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trends could be attributed to the rate of the variations in results, i.e. the slope of the trend

lines, as a function of the testing age.
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It was also concluded that the effect of RCA on mechanical properties can be
better reflected in the case of concrete prepared with higher quality paste, i.e. ternary

cement and reduced w/cm. in other words, the sensitivity to the use of RCA is increasing
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with the quality of concrete. However, the use of high-quality binder systems and the
reduction in w/cm can compensate for reduction in compressive strength due to the use of
RCA. It should be noted that the evaluation of the coupled effect of the investigated
factors (LA abrasion, absorption, and specific gravity) did not present any significant
correlations.

Given the limits of the experimental domain are met, the results obtained in this
section can be incorporated to estimate the compressive strength of concrete made with
coarse RCA. For instance, contour diagrams were generated based on the 91-day results
of concrete made with ternary cement and 0.37 w/cm. A hypothetical scenario was
investigated for concrete made with 0.37 w/cm, ternary cement, and DOL1 coarse
aggregate (LA abrasion: 28%, Absorption: 0.8%, and specific gravity: 2.73). Contour
graphs were developed to illustrate the effect of RCA content (% mass) and RCA
characteristics on 91-day compressive strength.

Figure 5.8 presents the effect of RCA content and LA abrasion on 91-day
compressive strength of concrete made with 0.37 w/cm and ternary cement. Results
indicate reduction in compressive strength with the use of higher RCA content and the
use of RCA with higher LA abrasion mass loss. The use of 50% coarse RCA with LA
abrasion of 35% and 45% can result in approximate compressive strength of 53.0 and
49.0 MPa, respectively, compared to values of higher than 55.0 MPa for concrete made
without any RCA.

Figure 5.9 presents the effect of RCA content and water absorption on 91-day
compressive strength of concrete made with 0.37 w/cm and ternary cement. Results
indicate reduction in compressive strength with the use of higher RCA content and the
use of RCA with higher water absorption. The use of 50% coarse RCA with water
absorption of 3% and 6% can result in approximate compressive strength of 56.0 and
50.0 MPa, respectively, compared to values of about 57.5 MPa for concrete made without
any RCA.
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Figure 5.10 presents the effect of RCA content and oven-dry specific gravity on
91-day compressive strength of concrete made with 0.37 w/cm and ternary cement.
Results indicate reduction in compressive strength with the use of higher RCA content
and the use of RCA with lower specific gravity. The use of 50% coarse RCA with oven-
dry specific gravity of 2.20 and 2.50 can result in approximate compressive strength of
50.0 and 55.0 MPa, respectively, compared to values of about 57.5 MPa for concrete

made without any RCA.
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Figure 5.10 Effect of coarse RCA content and oven-dry specific gravity on 91-day
compressive strength of concrete made with 0.37 w/cm and ternary cement

5.3.2. Splitting Tensile Strength.

5.3.2.1 Effect of mixture parameters and fine RCA. The splitting tensile
strength results of concrete investigated in Group | are summarized in Table 5.7. The
reference concrete prepared with binary cement, 0.40 w/cm, and 100% dolomitic
aggregate exhibited 7-day splitting tensile strength of 2.34 MPa. The use of ternary
cement in concrete made with 0.40 w/cm slightly reduced the 7-day splitting tensile
strength to 2.21 MPa. The maximum 7-day splitting tensile strength of 2.79 MPa was

observed in the case of the mixture prepared with ternary cement, 0.37 w/cm and without
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any RCA. The incorporation of the fine RCAL did not have a significant effect on splitting
tensile strength of the mixtures prepared with 50% or 70% coarse RCA, 0.40 w/cm, and
ternary cement. For instance, the 56-day splitting tensile strength results of the concrete
made with 50% coarse RCA1 and 0, 15%, 30%, and 40% fine RCA1 were 2.55, 2.76,
2.90, 2.52 MPa, respectively. In general, results presented in Table 1 indicate that the
reduction in w/cm from 0.40 to 0.37 was effective in enhancing the splitting tensile

strength of concrete prepared with fine and/or coarse RCA.

Table 5.7 Splitting tensile strength results of concrete made with different contents of
coarse RCAL and fine RCAL (Group 1) (MPa)

Mixture 7 days 28 days 56 days
DOL1-B-40 2.34 3.17 3.45
DOL1-T-37 2.79 4.27 4.32
DOL1-T-40 2.21 2.76 3.21
RCA1-30-T-37 1.69 3.34 3.34
RCA1-30-T-40 2.45 2.55 3.45
RCA1-30-T-37-15F 2.10 3.00 3.14
RCA1-30-T-40-15F 2.07 2.65 3.34
RCA1-40-T-40-15F 221 245 3.10
RCA1-50-T-37 2.45 2.96 2.90
RCA1-50-T-40 2.21 2.90 2.55
RCA1-50-T-37-15F 1.90 2.79 2.90
RCA1-50-T-40-15F 2.07 2.69 2.76
RCA1-50-T-40-30F 1.97 3.10 2.90
RCA1-50-T-40-40F 1.86 2.21 2.52
RCA1-60-T-40-30F 2.00 241 231
RCA1-70-T-37 1.86 3.00 3.00
RCA1-70-T-40 1.34 2.10 2.62
RCA1-70-T-40-15F 1.55 2.90 2.69
RCA1-70-T-40-30F 1.76 2.90 2.86

RCA1-30-GGF15-37 2.45 2.69 3.03
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Splitting tensile strength results obtained from testing the concrete mixtures
investigated in Group Il also indicate comparable performance of investigated mixtures
with that of the reference concrete prepared with 100% limestone coarse aggregate and
river sand (Table 5.8). The reference concrete with 0.40 w/cm, 25% FA-C, and without
any RCA, exhibited 28- and 56-day splitting tensile strength of 3.50 and 3.85 MPa,
respectively. The use of 30% coarse RCA2 slightly reduced the 28- and 56-day splitting
tensile strength to 3.25 and 3.60 MPa, respectively. Incorporation of 15% fine RCA in this
mixture reduced the 56-day splitting tensile strength from 3.60 to 3.50 MPa. The reduction
in w/cm to 0.37 was effective in enhancing the splitting tensile strength. The maximum
56-day splitting tensile strength of 4.05 MPa was observed for the concrete made with
40% FA-C, 20% fine RCA, and 0.37 w/cm.

Table 5.8 Splitting tensile strength results of concrete made with different contents of
coarse RCA2 and fine RCA2 (Group I1) (MPa)

Age LIM-B-40 | C35-F0-40 [C35-F15-37|C40-F20-37|C35-F10-42|C25-F15-40/C25-F10-37| C25-F0-40

7d 265 2.80 2.70 2.75 2.80 2.50 3.15 2.70

28d 3.50 3.30 3.60 3.50 3.70 3.60 3.45 3.25

56d 3.85 3.85 3.40 4.05 3.30 3.50 3.50 3.60

5.3.2.2 Effect of coarse RCA content. Figure 5.11 presents the variations in
splitting tensile strength of concrete made with up to 70% coarse RCAL, prepared with
ternary cement and 0.37 and 0.40 w/c. In general, a tendency to decrease in splitting
tensile strength can be detected for concrete with higher coarse RCA content. For instance,
the use of 70% coarse RCAL reduced the 56-day tensile strength from 3.21 to 2.62 and
from 4.32 to 3.00, corresponding to 18% and 31% reduction for concrete with 0.40 and
0.37 w/cm, respectively.

Similar trends were obtained for the mixtures prepared with up to 100% coarse
RCA from different sources investigated in Group Ill. Results indicated decreasing trend

for splitting tensile strength as a function of coarse RCA incorporation. Results presented
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in Figure 5.12 indicate up to 33% reduction in 56-day splitting tensile strength of concrete

made with 0.37 w/cm and ternary cement. Splitting tensile strength results obtained for

concrete made with 0.40 w/cm and binary cement are presented in Figure 5.13. Trend

were similar to the previous observations, where up to 20% reduction in 56-day tensile

strength was observed due to the use of 100% coarse RCA in such concrete.
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Figure 5.11 Effect of coarse RCA2 content on splitting tensile strength

Splitting tensile strength (MPa)

m7d 828d B56d

9

Ao
P &P &
:\)Q (_\Q -,‘Q b\

N o d AN
P A A
T T
TS e L - Sl S
S e i AR S S T S &

PLCHPISUP SRS

Figure 5.12 Effect of coarse RCA on splitting tensile strength of concrete made with

ternary cement and 0.37 w/cm



102

A
]

m7d 828d E56d

Splitting tensile strength (MPa)

RS S S S PSS S S S S
P I IV IV I IV D
SITIRC PSP

Figure 5.13 Effect of coarse RCA on splitting tensile strength of concrete made with
binary cement and 0.40 w/cm

5.3.2.3 Effect of coarse RCA properties. Data obtained from testing concrete
with different types and contents of coarse RCA were incorporated to establish
correlations between the combined aggregate physical properties and splitting tensile
strength at different testing ages. Two main scenarios were investigated: (1) concrete
prepared with 323 kg/m? of binary cement (25% FA-C) and 0.40 w/cm; (2) concrete
made with 323 kg/m? of ternary cement (15% GGBS+35% FA-C) and 0.37 w/cm.

Figure 5.14 presents the correlation between the water absorption of the combined
coarse aggregate and splitting tensile strength results. Reduction in splitting tensile
strength was observed as a function of higher absorption rate of the combined coarse
aggregate. Values of R? obtained for the linear correlation between the compressive
results and the combined water absorption ranged between 0.34 and 0.59 for the mixtures
prepared with binary cement. Higher spread was obtained for the ternary mixtures,
making it difficult to develop trend lines. However, it can be stated that stronger
correlations were obtained for the concrete made with binary cement and 0.40 w/cm,
while compared to the ones prepared with ternary cement and 0.37 w/cm.

Figure 5.15 presents the correlations between the oven dry specific gravity of

coarse aggregate combination and slitting tensile strength at different ages. As expected,
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tensile strength was enhanced as a function of increase in specific gravity of combined

coarse aggregate.
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Figure 5.14 Effect of combined coarse aggregate water absorption on splitting tensile
strength; Top: ternary mixtures, Bot.: binary mixtures

Similar to the previous observations, stronger correlations were observed for the

binary mixtures compared to the concrete made with ternary cement for all corresponding
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ages. The trend lines for the ternary mixtures had higher slopes than the binary ones,

suggesting that the concrete prepared with ternary cement can be more sensitive to the

increase in RCA content and/or use of RCA with lower quality.
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Figure 5.16 presents the correlation between the LA abrasion of the combined
coarse aggregate and splitting tensile strength results obtained for the investigated
concrete. Reduction in tesile strength was observed with an increase in LA abrasion value
of the coarse aggregate combination. In other words, result indicate that a higher coarse
RCA content, and/or the use of RCA with lower quality result in reductions in

compressive strength of concrete.
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Figure 5.16 Effect of combined coarse aggregate LA abrasion on splitting tensile
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Values of R? ranged from 0.47 to 0.59 for different testing ages of the mixtures
prepared with binary cement. The slopes of the trend lines were higher in the case of the
mixtures prepared with ternary cement and 0.37 w/cm, indicating that the rate of
reduction in compressive strength is more sensitive to the increase in RCA content and/or
the use of RCA of lower quality.

In general, it was observed that the variations in LA abrasion and water
absorption of the combined coarse aggregate can be considered as proper means of
estimating the effect of coarse RCA on splitting strength of concrete. No significant
trends could be attributed to the rate of the variations in results, i.e. the slope of the trend
lines, as a function of the testing age. It should be noted that the evaluation of the coupled
effect of the investigated factors (LA abrasion, absorption, and specific gravity) did not
present any significant correlations.

Similar to the previous results, and given the limits of the experimental domain
are met, the results obtained in this section can be incorporated to estimate the splitting
tensile strength of concrete made with coarse RCA. For instance, contour diagrams were
generated based on the 28-day results of concrete made with binary cement and 0.40
w/cm. A hypothetical scenario was investigated for concrete made with DOL1 coarse
aggregate (LA abrasion: 28%, Absorption: 0.8%, and specific gravity: 2.73). Contour
graphs were developed to illustrate the effect of RCA content (% mass) and RCA
characteristics on 28-day flexural strength.

Figure 5.17 presents the effect of RCA content and LA abrasion on 56-day
splitting tensile strength of such concrete, made with 0.40 w/cm and binary cement.
Results indicate reduction in tensile strength with the use of higher RCA content and the
use of RCA with higher LA abrasion mass loss. The use of 50% coarse RCA with LA
abrasion of 40% and 50% can result in approximate splitting tensile strength of 3.15 and
3.0 MPa, respectively, compared to values of higher than 3.3 MPa for concrete made
without any RCA.

Figure 5.18 presents the effect of RCA content and water absorption on 91-day
splitting tensile strength of concrete made with 0.40 w/cm and binary cement. Results
indicate reduction in tensile strength with the use of higher RCA content and the use of

RCA with higher water absorption. The use of 50% coarse RCA with water absorption of
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3% and 7% can result in approximate splitting tensile strength of 3.25 and 3.1 MPa,
respectively, compared to values of about 3.3 MPa for concrete made without any RCA.
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Figure 5.17 Effect of coarse RCA content and LA abrasion on 56-day splitting tensile
strength of concrete made with 0.40 w/cm and binary cement
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Figure 5.18 Effect of coarse RCA content and water absorption on 56-day splitting tensile
strength of concrete made with 0.40 w/cm and binary cement
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Figure 5.19 presents the effect of RCA content and oven-dry specific gravity on
56-day splitting tensile strength of concrete made with 0.40 w/cm and binary cement.
Results indicate reduction in tensile strength with the use of higher RCA content and the
use of RCA with lower specific gravity. The use of 50% coarse RCA with oven-dry
specific gravity of 1.80 and 2.40 can result in approximate compressive strength of 2.95
and 3.2 MPa, respectively, compared to values of higher than 3.3 MPa for concrete made
without any RCA.
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Figure 5.19 Effect of coarse RCA content and specific gravity on 56-day splitting tensile
strength of concrete made with 0.40 w/cm and binary cement

5.3.3. Flexural Strength.

5.3.3.1 Effect of mixture parameters and fine RCA. Table 5.9 summarizes the
flexural strength results obtained for concrete investigated in Group I, prepared with
different amounts of coarse RCA1 and fine RCA1. Reduction in 28-day flexural strength
from 5.22 to 4.48 MPa was observed with the use of ternary cement in concrete prepared
with 0.40 w/cm and without any RCA. This is believed to be due to the high amount of
SCM replacement in the ternary binder which resulted in initial drops in strength at early

age measurements. With the increase in curing period to 56 days, the flexural strength of
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the samples cast with optimized binder increased to 5.27 MPa in comparison to 5.61 MPa
for the MoDOT reference mixture prepared with binary cement. No significant difference
in flexural strength of the MoDOT reference specimen was observed with increasing the
curing period from 28 to 56 days. Reducing the w/cm from 0.37 to 0.40 in concrete made
with ternary cement and 100% virgin aggregate was effective in enhancing the flexural
strength for both 28 and 56-day measurements. The highest values of flexural strength,
6.32 and 6.65 MPa at 28 and 56 days, respectively, were observed for the concrete made
with 0.37 w/cm and ternary cement.

All mixtures exhibited flexural strength of higher than 4.0 MPa at 28 days, except
for the RCA1-70-T-40-15F mixture (3.76 MPa). It was generally observed that the use of
fine RCA tends to reduce the flexural strength. For instance, in the case of the mixture
prepared with 50% coarse RCA2, 0.40 w/cm, and ternary binder, the use of 15%, 30%,
and 40% fine RCA resulted in reduction in 56-day flexural strength from 5.27 to 5.03,
4.96, and 4.38 MPa, respectively. The reduction in w/cm from 0.40 to 0.37 was effective
in controlling the negative impact of fine RCA of flexural strength for concrete made
with 30% or 50% coarse RCA2 and ternary cement. No reduction in flexural strength due
to 15% fine RCA incorporation was observed for such mixtures.

In general, it was observed that the reduction in w/cm and the use of ternary
cement were effective in developing concrete with proper flexural strength in spite of the
use of RCA. However, the reduction in flexural strength due to the use of fine RCA can
cause concerns regarding the performance of such concrete for rigid pavement
construction.

Similar results were obtained for concrete investigated in Group Il, made with
different mounts of fine RCA1 and up to 30% coarse RCA 1, presented in Table 5.10.
Even though the use of fine and/or coarse RCA tends to reduce the flexural strength, the
reduction in w/cm and the use of 35% or 40% FA-C were effective in securing proper
flexural strength. For instance, the concrete made with 30% coarse RCAL, 10% fine
RCA1, 25% FA-C, and 0.37 w/cm exhibited 56-day flexural strength of 5.85 MPa
compared to 5.50 MPa for the reference concrete made without any RCA. The use of
35% FA-C and 0.37 w/cm also resulted in 56-day flexural strength of 5.55 MPa which
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was similar to that of the reference concrete prepared with 0.40 w/cm, 25% FA-C, and

without any RCA.

Table 5.9 Flexural strength results of concrete made with different contents of coarse

RCAL and fine RCAL1 (Group I) (MPa)

Mixture 28 days 56 days
DOL1-B-40 5.22 5.61
DOL1-T-37 6.32 6.65
DOL1-T-40 4.48 5.27
RCA1-30-T-37 5.58 5.38
RCA1-30-T-40 4.83 4.93
RCA1-30-T-37-15F 5.14 5.24
RCA1-30-T-40-15F 4.52 4.34
RCA1-40-T-40-15F 4.17 4.90
RCA1-50-T-37 5.03 5.17
RCA1-50-T-40 4.93 5.27
RCA1-50-T-37-15F 4.93 5.10
RCA1-50-T-40-15F 4.14 5.03
RCA1-50-T-40-30F 431 4.96
RCA1-50-T-40-40F 4.65 4.38
RCA1-60-T-40-30F 4.65 4.21
RCAL1-70-T-37 5.00 521
RCAL1-70-T-40 441 4.76
RCA1-70-T-40-15F 3.76 4.00
RCA1-70-T-40-30F 4.72 5.00
RCA1-30-GGF15-37 5.17 6.31
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Table 5.10 Flexural strength results of concrete made with different contents of coarse
RCAZ2 and fine RCA2 (Group I1) (MPa)

Age LIM-B-40 | C35-F0-40 |C35-F15-37|C40-F20-37/C35-F10-42/C25-F15-40/C25-F10-37| C25-F0-40

28d  4.50 4.20 5.55 4.60 4.15 4.70 5.90 4.40

56d 550 4.65 5.55 5.00 4.40 4.85 5.85 5.20

5.3.3.2 Effect of coarse RCA content. Results suggest the fact that the greater
coarse RCA content can result in reduced flexural strength. The use of 70% coarse RCA1
in concrete made with 0.40 w/cm and ternary cement reduced the flexural strength from
5.22 to 4.41 MPa and from 5.61 to 4.76 MPa at 28 and 56 days, respectively. This
corresponds to about 15% reduction in flexural strength due to 70% coarse RCA 1
incorporation. Trends were similar for the concrete made with 0.37 w/cm and ternary
cement. The use of 70% coarse RCAL in such mixtures reduced the 56-day flexural
strength from 6.65 to 5.21 MPa, corresponding to 22% reduction.

Figure 5.20 presents the variations in flexural strength of concrete made with 30%
and 50% coarse RCA from different sources on flexural strength of concrete made with
ternary cement and 0.37 w/cm, investigated in Group Ill. A decreasing trend in flexural
strength can be observed as a function of RCA incorporation. Similar results were
obtained for concrete made with 0 to 100% of coarse RCA from different sources,
proportioned with binary cement and 0.40 w/cm, as presented in Figure 5.21. The use of
50% coarse RCA in mixtures made with ternary cement and 0.37 w/cm resulted to up to
22% reduction in 56-day flexural strength. In the case of the mixtures made with binary
cement and 0.40 w/cm, the use of 50% and 100% coarse RCA reduced the 56-day
flexural strength by up to 23%.
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Figure 5.20 Effect of coarse RCA on flexural strength of concrete made with ternary
cement and 0.37 w/cm
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Figure 5.21 Effect of coarse RCA on flexural strength of concrete made with binary
cement and 0.40 w/cm
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5.3.3.3 Effect of coarse RCA properties. Data obtained from testing concrete
with different types and contents of coarse RCA were incorporated to establish
correlations between the combined aggregate physical properties and flexural strength at
different testing ages. Two main scenarios were investigated: (1) concrete prepared with
323 kg/m?® of binary cement (25% FA-C) and 0.40 w/cm; (2) concrete made with 323
kg/m? of ternary cement (15% GGBS+35% FA-C) and 0.37 w/cm.

Figure 5.22 presents the correlation between the water absorption of the combined
coarse aggregate and flexural strength results. Reduction in flexural strength was
observed as a result of higher absorption rate of the combined coarse aggregate. In other
words, results indicate that the use of greater RCA content, and/or the use of RCA with
lower quality (i.e. higher absorption) result in reductions in flexural strength. The higher
slope of the trend lines obtained for the concrete made with ternary cement, indicate the
increase in sensitivity of the results to RCA incorporation while compared to the mixtures
made with binary cement.

Figure 5.23 presents the correlations between the flexural strength and oven dry
specific gravity of the combined coarse aggregate. It was observed that the increase in
specific gravity of the combined coarse aggregate affects the flexural strength,
significantly. Similar to previous observations, and comparing the slope of the trend
lines, it was noticed that the concrete prepared with higher paste quality (i.e. lower w/cm
and ternary cement) was more sensitive to use of RCA.

Figure 5.24 presents the correlation between the LA abrasion of the combined
coarse aggregate and flexural strength results obtained for the investigated concrete.
Reduction in flexural strength was observed with an increase in LA abrasion value of the
coarse aggregate combination. Values of R? ranged from 0.60 to 0.70 for the 28-day and
91-day results of the ternary mixtures. Similar to previous observations, slopes of the
trend lines were higher in the case of the mixtures prepared with ternary cement and 0.37
w/cm, indicating that the increase in RCA content and/or the use of RCA of lower quality
can have a stronger impact on flexural strength of concrete with higher quality.
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In general, it was observed that the variations in water absorption and specific
gravity of the combined coarse aggregate can be considered as proper means of
estimating the effect of coarse RCA on flexural strength of concrete. Slight increase in
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slope of the trend lines was observed as a result of testing age. It was also concluded that
the effect of RCA on flexural strength was more highlighted in the case of concrete
prepared with higher quality paste, i.e. ternary cement and reduced w/cm. In other words,
the sensitivity to the use of RCA is increasing with the quality of concrete. However, the
use of high-quality binder systems and the reduction in w/cm can compensate for
reduction in flexural strength due to the use of RCA.

Similar to the previous results, and given the limits of the experimental domain
are met, the results obtained in this section can be incorporated to estimate the flexural
strength of concrete made with coarse RCA. For instance, contour diagrams were
generated based on the 28-day results of concrete made with binary cement and 0.40
w/cm. A hypothetical scenario was investigated for concrete made with DOL1 coarse
aggregate (LA abrasion: 28%, Absorption: 0.8%, and specific gravity: 2.73). Contour
graphs were developed to illustrate the effect of RCA content (% mass) and RCA
characteristics on 28-day flexural strength.

Figure 5.25 presents the effect of RCA content and LA abrasion on 28-day
flexural strength of such concrete, made with 0.40 w/cm and binary cement. Results
indicate reduction in flexural strength with the use of higher RCA content and the use of
RCA with higher LA abrasion mass loss. The use of 50% coarse RCA with LA abrasion
of 40% and 50% can result in approximate flexural strength of 4.85 and 4.70 MPa,
respectively, compared to values of higher than 5.0 MPa for concrete made without any
RCA.

Figure 5.26 presents the effect of RCA content and water absorption on 28-day
flexural strength of concrete made with 0.40 w/cm and binary cement. Results indicate
reduction in flexural strength with the use of higher RCA content and the use of RCA
with higher water absorption. The use of 50% coarse RCA with water absorption of 4%
and 7% can result in approximate flexural strength of 4.95 and 4.80 MPa, respectively,

compared to values of about 5.10 MPa for concrete made without any RCA.
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Figure 5.25 Effect of coarse RCA content and LA abrasion on 28-day flexural strength of
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Figure 5.26 Effect of coarse RCA content and water absorption on 28-day flexural

strength of concrete made with 0.40 w/cm and binary cement



119

Figure 5.27 presents the effect of RCA content and oven-dry specific gravity on
28-day flexural strength of concrete made with 0.40 w/cm and binary cement. Results
indicate reduction in flexural strength with the use of higher RCA content and the use of
RCA with lower specific gravity. The use of 50% coarse RCA with oven-dry specific
gravity of 1.80 and 2.45 can result in approximate flexural strength of 4.50 and 5.10 MPa,

respectively, compared to values of about 5.25 MPa for concrete made without any RCA.
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Figure 5.27 Effect of coarse RCA content and oven-dry specific gravity on 28-day
flexural strength of concrete made with 0.40 w/cm and binary cement

5.3.4. Modulus of Elasticity.

5.3.4.1 Effect of fine RCA and mixture parameters. Table 5.11 includes a
summary of the static modulus of elasticity (Young’s modulus) results obtained for
concrete prepared with different combinations of fine RCA1l and coarse RCA1l
investigated in Group I. A slight reduction in 28-d MOE from 42.7 to 40.3 GPa was
observed due to the use of the ternary cement with 50% SCM in concrete prepared with
0.40 w/cm and without any RCA. However, the 56-day MOE of concrete made with

ternary cement was 8% higher than that of the reference concrete prepared with binary
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system (44.2 vs. 40.8 GPa). The highest of MOE of 42.9 and 46.4 GPa, were observed for
the mixture prepared with 0.37 w/cm, 30% coarse RCAL, and ternary cement including
15% GGF and 35% FA-C. This was followed by the result obtained for the concrete
prepared with 0.37 w/cm, ternary cement with 15% GGBS and 35% FA-C, and without
any RCA.

Table 5.11 Modulus of elasticity results of concrete made with different contents of
coarse RCAL and fine RCAL (Group 1) (GPa)

Mixture 28 days 56 days
DOL1-B-40 42.7 40.8
DOL1-T-37 42.9 44.3
DOL1-T-40 40.3 44.2
RCA1-30-T-37 42.2 42.7
RCA1-30-T-40 37.2 38.4
RCA1-30-T-37-15F 41.0 46.5
RCA1-30-T-40-15F 35.1 34.0
RCA1-40-T-40-15F 30.5 32.9
RCA1-50-T-37 37.9 40.3
RCA1-50-T-40 35.9 37.3
RCA1-50-T-37-15F 36.2 37.6
RCA1-50-T-40-15F 33.8 35.6
RCA1-50-T-40-30F 28.4 33.9
RCA1-50-T-40-40F 28.4 33.0
RCA1-60-T-40-30F 31.4 33.9
RCAL1-70-T-37 37.7 37.9
RCA1-70-T-40 32.9 33.8
RCA1-70-T-40-15F 29.0 32.6
RCA1-70-T-40-30F 31.8 34.1

RCA1-30-GGF15-37 42.9 46.4
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Significant reduction in MOE was observed for the rest of the mixtures that were
produced with fine and/or coarse RCAL, regardless of the testing age. The use of fine
RCAL in concrete prepared with 50% and 70% coarse RCAL, proportioned with 0.40
w/cm, and ternary system (15% GGBS+35% FA-C) highlight the influence of fine RCA
incorporation on MOE. For the concrete prepared with 50% coarse RCAL, the use of 15%,
30%, and 40% fine RCAL reduced the 56-day MOE from 37.3 to 35.6, 33.9, and 33.0
GPa, corresponding to 5%, 9%, and 12% reduction, respectively.

Reduction in w/cm from 0.40 to 0.37 was effective in partial mitigating of the
effect of RCA on MOE. For instance, and in the case of the concrete prepared with 50%
coarse RCAL and 15% fine RCAL, the reduction in w/cm from 0.40 to 0.37 resulted in an
increase in 28-day MOE from 33.8 to 36.2 GPa, corresponding to 7% increase.

Results obtained for mixtures prepared with different amounts of fine RCA 2 and
coarse RCA2 investigated in Group Il also indicate reduction in MOE due to RCA
incorporation (Table 5.12). For instance, results indicate reduction in 56-day MOE from
5.5 to 5.2 GPa due to 30% coarse RCAZ2 replacement in concrete made with 0.40 w/cm,
binary cement with 25% FA-C, and limestone coarse aggregate. However, the use of
reduced w/cm of 0.37, and adjustments in incorporation of FA-C could enhance the

performance of concrete.

Table 5.12 Modulus of elasticity results of concrete made with different contents of
coarse RCA2 and fine RCA2

Age LIM-B-40 | C35-F0-40 |C35-F15-37|C40-F20-37|C35-F10-42/C25-F15-40/C25-F10-37| C25-F0-40

28d  4.50 4.20 5.55 4.60 4.15 4.70 5.90 4.40

56d 5.0 4.65 5.55 5.00 4.40 4.85 5.85 5.20

5.3.4.2 Effect of coarse RCA content. Figure 5.28 presents the variations in
MOE of mixtures made with 0 to 70% coarse RCAL. The investigated mixtures were
prepared with ternary cement (15% GGBS+35% FA-C), with 0.37 and 0.40 w/cm. In
general, decrease in MOE was observed as a function of RCA content. Rate of such

reduction was 18% and 24% for 28- and 56-day measurements of concrete with 0.40 w/cm
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at 70% RCAL replacement. Reduction in MOE of 12% and 14% was observed for the 28-
and 56-day results of concrete with 0.37 w/cm at 70% RCAL replacement.

;'5‘-.
&5
= -6 - 28 d, w/em=0.37
S 201 —o—28 d, w/em=0.40
10 - -3-56d, wiem=0.37
—8— 56 d. w/cm=0.40
0 T T 1
0 25 50 75

Coarse RCA content (% vol.)

Figure 5.28 Effect of coarse RCA content on MOE

Figure 5.29 presents the variations in MOE of concrete made with ternary cement
and 0.37 w/cm as a result of coarse RCA incorporation. Six different types of coarse
RCA were incorporated at different replacement rates of 30%, 50% and 70%. Results
indicated reduction in MOE as a function of increase in RCA content, regardless of the
source. Similar trends were obtained for the mixtures prepared with binary cement and
0.40 w/cm.

The incorporation of up to 100% coarse RCA in such mixtures also reduced the
MOE significantly, as presented in Figure 5.30. The highest values of MOE presented in
this figure were attributed to the reference concrete produced without any RCA.
However, up to 24% reduction in 56-day MOE was observed when 100% coarse RCA

was used for replacement of the coarse aggregate.
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Figure 5.30 Effect of RCA type on MOE of concrete prepared with binary cement and
0.40 w/cm
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5.3.4.3 Effect of coarse RCA properties. Data obtained from testing concrete
with different types and contents of coarse RCA were incorporated to establish
correlations between the combined aggregate physical properties and MOE at 28 and 56
days. Two main scenarios were investigated: (1) concrete prepared with 323 kg/m?® of
binary cement (25% FA-C) and 0.40 w/cm; (2) concrete made with 323 kg/m?® of ternary
cement (15% GGBS+35% FA-C) and 0.37 w/cm.

Figure 5.31 presents the correlation between the water absorption of the combined
coarse aggregate and MOE at 28 and 56 days. Reduction in MOE was observed as a
result of higher absorption rate of the combined coarse aggregate. Values of R? obtained
for the linear correlation between the MOE results and the combined water absorption
were 0.74 and 0.78 for the 28-day and 56-day measurements of the mixtures made with
ternary cement, respectively. Such values were 0.85 and 0.88 for the mixtures prepared
with binary cement and 0.40 w/cm. The slope of the trend lines were comparable for 28-
and 56-day results of the investigated mixtures, indicating negligible interaction between
the measurement time and the RCA incorporation. The MOE values of the concrete made
with ternary cement and 0.37 w/cm were generally higher than those of the mixtures
made with binary cement and 0.40 w/cm. However, the higher slopes of the trend lines
obtained for the ternary mixtures reveal the fact that these mixtures were more sensitive
to RCA incorporation.

Figure 5.32 presents the correlation between the oven-dry specific gravity of
coarse aggregate combination and MOE at 28 and 56 days. As expected, increase in
MOE was observed as a function of increase in specific gravity of combined coarse
aggregate. The coefficient of determination (R?) values of the linear correlations obtained
between the MOE results and the combined specific gravity, were 0.78 and 0.73 for the
28-day and 56-day measurements of the mixtures made with ternary cement,
respectively. Such values were 0.88 and 0.89 for the mixtures prepared with binary
cement and 0.40 w/cm. The trend lines for the ternary mixtures had higher slopes than the
ones made with binary cement and 0.40 w/cm, suggesting that the increase in RCA
content and/or use of lower RCA quality can have a more pronounced effect on MOE in

mixtures with higher quality.
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Figure 5.31 Effect of combined coarse aggregate water absorption on MOE; Top: ternary
mixtures, Bot.: binary mixtures

Figure 5.33 presents the correlation between the LA abrasion of the combined
coarse aggregate and MOE at 28 and 56 days. MOE was reduced with an increase in LA
abrasion of the coarse aggregate combination. Values of R? obtained for the linear
correlation between the MOE results and the combined LA abrasion were 0.32 and 0.42

for the 28-day and 56-day measurements of the mixtures made with ternary cement,
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respectively. Such values were 0.50 and 0.55 for the mixtures prepared with binary
cement and 0.40 w/cm. In general it was observed that the water absorption and the oven

dry specific gravity were better predictors for estimation of MOE.
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Figure 5.33 Effect of combined coarse aggregate LA abrasion on MOE; Top: ternary
mixtures, Bot.: binary mixtures

Given the limits of the experimental domain are met, the results obtained in this
section can be incorporated to estimate the MOE of concrete made with coarse RCA. For
instance, contour diagrams were generated based on the 28-day results of concrete made
with binary cement and 0.40 w/cm. A hypothetical scenario was investigated for concrete
made with DOLL1 coarse aggregate (LA abrasion: 28%, Absorption: 0.8%, and specific
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gravity: 2.73). Contour graphs were developed to illustrate the effect of RCA content (%
mass) and RCA characteristics on 28-day MOE.

Figure 5.34 presents the effect of RCA content and LA abrasion on 28-day MOE
of such concrete, made with 0.40 w/cm and binary cement. Results indicate significant
reduction in MOE with the use of higher RCA content and the use of RCA with higher
LA abrasion mass loss. The use of 50% coarse RCA with LA abrasion of 35% and 50%
can result in approximate MOE of 37.0 and 31.5 GPa, respectively, compared to values
of higher than 38.0 GPa for concrete made without any RCA.

Figure 5.35 presents the effect of RCA content and water absorption on 28-day
MOE of concrete made with 0.40 w/cm and binary cement. Results indicate reduction in
MOE with the use of higher RCA content and the use of RCA with higher water
absorption. The use of 50% coarse RCA with water absorption of 3% and 7% can result
in approximate MOE of 38.5 and 34.0 GPa, respectively, compared to values of about

40.0 GPa for concrete made without any RCA.
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Figure 5.34 Effect of coarse RCA content and LA abrasion on 28-day MOE of concrete

made with 0.40 w/cm and binary cement

Figure 5.36 presents the effect of RCA content and oven-dry specific gravity on

28-day MOE of concrete made with 0.40 w/cm and binary cement. Results indicate
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reduction in MOE with the use of higher RCA content and the use of RCA with lower
specific gravity. The use of 50% coarse RCA with oven-dry specific gravity of 1.80 and
2.40 can result in approximate MOE of 38.0 and 30.0 GPa, respectively, compared to

values of about 40.0 GPa for concrete made without any RCA.
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Figure 5.35 Effect of coarse RCA content and water absorption on 28-day MOE of
concrete made with 0.40 w/cm and binary cement
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5.4. REMARKS
The present section investigates the effect of fine and coarse RCA incorporation

on mechanical properties of concrete designated for rigid pavement construction. Two
types of fine RCA and seven different types of coarse RCA were employed for
development of concrete mixtures. Two different types of crushed virgin aggregate were
incorporated along with a natural river sand. The investigated mixtures were proportioned
with binary or ternary binder systems. Compressive strength, splitting tensile strength,
flexural strength, and modulus of elasticity was investigated at different ages. Based on
the obtained data the following conclusions can be warranted:

e The use of fine RCA results in reduction in mechanical properties. Up to 17%
reduction in 56-day flexural strength (from 5.27 to 4.38 MPa) and up to 12%
reduction in 56-day MOE (from 37.3 to 33.0 GPa )was observed as a result of
40% fine RCA incorporation in concrete made with 0.40 w/cm and ternary
cement with 15% GGBS and 35% FA-C.

e The modifications in concrete mix design, i.e. the reduction in w/cm to values as
low as 0.37 and the use of proper binder composition were effective in enhancing
the performance of concrete made with fine RCA.

e The incorporation of coarse RCA reduced the mechanical properties of the
investigated mixtures. Up to 24% reduction in 56-day MOE was observed when
100% coarse RCA was used for replacement of the coarse aggregate in concrete
made with binary cement and 0.40 w/cm. The use of 50% coarse RCA in mixtures
made with ternary cement and 0.37 w/cm resulted to up to 22% reduction in 56-
day flexural strength. In the case of the mixtures made with binary cement and
0.40 w/cm, the use of 50% and 100% coarse RCA reduced the 56-day flexural
strength by up to 23%.

e Physical properties of the combined coarse aggregate, calculated as a function of
mass fractions of the coarse virgin aggregate and coarse RCA can be incorporated
to estimate the variations in mechanical properties. In spite of the generally
improved mechanical properties, the concrete prepared with lower w/cm (0.37)
and ternary cement was more sensitive to the incorporation of RCA. Contour

diagrams were developed to estimate the variations in key mechanical properties
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of the concrete as a result of coarse RCA incorporation for investigated pavement
concrete scenarios.

In general, it was observed that the variations in LA abrasion and water
absorption of the combined coarse aggregate can be considered as proper means
of estimating the effect of coarse RCA on compressive strength and splitting
tensile strength of concrete. The water absorption and the oven dry specific
gravity were better predictors for estimation of flexural strength and MOE.
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6. USING ARTIFICIAL INTELLIGENCE TO PREDICT MODULUS OF
ELASTICITY OF RECYCLED AGGREGATE CONCRETE

6.1. RESEARCH SIGNIFICANCE
The construction of residential and commercial buildings, along with highways,

bridges, and other types of infrastructures has been increasing from the beginning of the
past century, especially in areas of high population density. These facilities need to be
repaired or replaced with the passing of time by the end of service life, or in situations
where the original design no longer satisfies the needs due to the growth in population
and/or traffic, etc. This results in two major concerns: (1) a growing demand for
construction aggregates, raising questions about the depletion of non-renewable natural
aggregates; (2) an increase in the amount of construction and demolition (C&D) waste.

The environmental impacts, raising issues with depletion of virgin aggregate
sources, more restrictive landfill policies, and potential savings in construction cost,
mainly associated with reduced hauling distances, support the idea of seeking alternative
uses for C&D waste. One of the main ideas is to recycled the waste concrete and use
recycled concrete aggregate (RCA) as a partial/full replacement of virgin aggregate used
in concrete construction (NCHRP 2013).

Questions regarding the performance of concrete incorporating RCA may raise
given the potentially marginal quality of the RCA compared to that of the virgin
aggregate sources. Data published in the literature indicate that among all types of
mechanical properties, MOE is one the characteristics that can be highly sensitive to
RCA incorporation. Availability of residual mortar in RCA particles reduces the overall
stiffness of the coarse aggregate skeleton and increases the absolute volume of mortar in
hardened state. This reduces the rigidity of the concrete, resulting in lower MOE
compared to the mixtures cast with virgin aggregate. Moreover, given the sensitivity of
MOE, existence of micro-cracks and defected interfacial transition zone (ITZ), typical of
RCA particles, can affect the MOE significantly (Monteiro 2006). Results of a survey
conducted by the National Cooperative Highway Research Program (NCHRP 2013)

reveal that using coarse RCA can result in up to 35% reduction in MOE.



133

This section presents a model developed based on artificial neural networks to
quantify the effect of coarse RCA on concrete MOE. A wide range of mixture design
parameters, including the binder content and type, water content, virgin aggregate
properties and content, and RCA content and characteristics were considered as input
factors. The extent of variation of MOE due to RCA incorporation was used as the
output. A database was developed and analyzed to establish a predictive model. Given
the wide range of investigated features, the developed model can be employed to estimate
the effect of RCA on MOE of concrete designated for a variety of applications, including

concrete for transportation infrastructure.

6.2. RESEARCH METHODOLOGY
The proposed research was composed of three main phases. The first phase of the

research involved development and screening of a database of published literature on
MOE. The second phase was to generate laboratory data for validation and/or testing the
model. The third phase involved development and testing of the model based on artificial
neural networks.

6.2.1. Development and Analysis of Database. The database consisted of 484
data series obtained from 52 research articles from literature. The 28-day compressive
strength of the investigated concrete mixtures ranged from a minimum of 15.4 to a
maximum of 108.5 MPa. The minimum and the maximum values of MOE were 10 and
10 GPa, respectively. Each dataset included a summary of the concrete mixture design,
virgin aggregate content and properties, and RCA content and characteristics. The
investigated input factors are elaborated below.

Binder: binder content (kg/m®); binder type which was considered as a categorical factor
of 1 or 2. Input value of 1 was attributed to the concrete with plain Portland cement while
binder type 2 was representing concrete mixtures with supplementary cementitious
materials.

Water: water-to-binder ratio (w/b), water-to-cement ratio (w/c), and water content
(kg/m®).

Fine aggregate: fine aggregate content (kg/m?®).
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Virgin coarse aggregate: virgin coarse aggregate content (kg/m®), virgin coarse
aggregate water absorption (%), virgin coarse aggregate oven-dry specific gravity, and
virgin coarse aggregate LA abrasion value (%).

Coarse RCA: coarse RCA content (kg/m®), coarse RCA water absorption (%),coarse
RCA oven-dry specific gravity, coarse RCA LA abrasion value (%), and coarse RCA
replacement ratio (% mass).

Total coarse aggregate: total coarse aggregate content (kg/m®), combined coarse
aggregate water absorption (%), combined coarse aggregate oven-dry specific gravity,
and combined coarse aggregate LA abrasion value (%). The combined coarse aggregate
properties were calculated as a linear combination of the properties and relative mass of
the blend constituents, as proposed by Omary et al. (2016). The following equations were
used to determine the oven-dry specific gravity, water absorption, and mass loss due to
LA abrasion of a given combination of coarse aggregate, respectively, as suggested by
Omary et al. (2016).

Coarseg; = [(Massgy, X RCAg )+ (Massy, X NCqp)1/(Massy, +Massy:)  (6-1)

-\.'

Coarseqy,, = [(Massge, X RCAy,, ) + (Massye X NCy, )1/ (Massg, +Massy] (6-2)

Coarsey; = [(Mass;y X RCA ) + (Massy, X NCy,J1/(Massy, +Massy]  (6-3)

where Massrca is the RCA content (kg/m®), Massnc is the virgin coarse aggregate
content (kg/m?), RCAsg is the oven-dry specific gravity of RCA, NCsc is the oven-dry
specific gravity of the virgin coarse aggregate, RCAaps is the water absorption of the
RCA (%), NCabs is the virgin coarse aggregate absorption rate (%), RCA_a is the mass
loss due to LA abrasion of RCA (%), NCa is the mass loss due to LA abrasion of the
virgin coarse aggregate (%), and Coarsesc , Coarseans, and Coarse.a are the oven-dry
specific gravity, water absorption rate (%), and LA abrasion (%) of the coarse aggregate
combination, respectively.

Table 6.1 offers a summary of the input features, along with the corresponding
minimum and maximum values. Four different arrangements of input factors were
explored to ensure most generalized and robust predictions with lowest chance of

overfitting the data. The investigated input scenarios are elaborated below.
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6.2.1.1 Scenario I. The input factors included 13 independent types of data
summarizing the key mixture design details, virgin aggregate properties, and RCA
characteristics. The aggregate-related properties considered in the first scenario included
the aggregate content (kg/m®), oven-dry specific gravity, and water absorption (%) for
both the virgin and RCA materials. The LA abrasion value was not included in the first
scenario. This was due to the fact that not all the investigated sources from literature
reported the LA abrasion values of the RCA. Table 1 presents the factors included in
scenario 1.

6.2.1.2 Scenario Il. A total number of 18 input factors were investigated for the
second scenario. The input parameters included the 13 independent properties (elaborated
in scenario 1) and an additional set of 5 dependent parameters. The aggregate-related
properties considered in the first scenario included the aggregate content (kg/m?®), oven-
dry specific gravity, and water absorption (%) for both the virgin and RCA materials.
Again, LA abrasion was not included in the analysis. The additional dependent variables
were the total water content in the mixture, total coarse aggregate content (kg/m®), RCA
replacement ratio (% mass), combined coarse aggregate water absorption (%), and
combined coarse aggregate oven-dry specific gravity.

6.2.1.3 Scenario Il1. A total number of 15 independent input parameters were
considered for the third scenario. The 13 factors elaborated in scenario | were
incorporated along with the LA abrasion values of the virgin coarse aggregate and the
RCA materials. As stated earlier, not all the investigated references were reporting the
LA values of the aggregates. Therefore, a literature survey was conducted, in addition to
laboratory investigation, to establish correlations between the LA abrasion and two key
RCA properties, including water absorption and specific gravity as suggested by
Gonzalez-Taboada et al. (2016). Figure 6.1 presents the correlations between the LA
abrasion and water absorption developed by Gonzalez-Taboada et al. (2016) and further
updated by the authors obtained from over 100 different RCA types. Strong relationship
was observed, with R? values of 0.75 for the relationship between LA abrasion and water
absorption. The correlation established in Figure 6.1 was employed to estimate the LA

abrasion in the case of the missing data points of the database.
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Database Scenario
Feature
Min. Max. nIm v
1 Binder content (kg/m®) 210 609 T
2 A * * *
Binder type 1: OPC 2:SCM
3 . * * *
Virgin coarse content (kg/m°) 0 1950
4 * * *
Coarse RCA content (kg/m?®) 0 1800
5 A * * *
water/binder (w/b) 0.25 0.87
6 * * *
water/cement (w/c) 0.29 1.22
7 ) * * *
Fine content (kg/m°) 465.00 1301
8 ) * * *
Coarse aggregate absorption (%) 0.20 6.10
9 . * * *
" C-RCA absorption (%) 1.93 18.91
o 10 - . * ok x
2 Coarse specific gravity, OD 2483 2880
S 1 P . % %
$ C-RCA specific gravity, OD 1800 2602
'.:-; 12 * * *
é‘ Coarse aggregate NMAS (mm) 8 32
13 * * *
Coarse RCA NMAS (mm) 8 32
14 . * %
Coarse aggregate LA abrasion (%) 14 43
15 R * *
C-RCA LA abrasion (%) 14 82
16 * *
water content (kg/m?®) 108 234
17 Total coarse aggregate content (kg/m?) 640 1950 - -
18 coarse combination absorption (%) 0 16 " )
19 Coarse combination specific gravity, OD 1800 2880 - -
20 Coarse combination LA abrasion (%) 14 51 )
21 . * *
Coarse RCA replacement ratio 0 1
Output  Relative MOE (Rmok) 0.44 1.37




137

60

Los Angeles abrasion (%)

0 T T T T 1
0 2 4 6 8 10

Water absorption (%)

Figure 6.1 Correlation between LA abrasion and water absorption

6.2.1.4 Scenario 1V. A total number of 21 input parameters were included in the
study. The investigated parameters included all the mixture properties and aggregate
characteristics presented earlier.

6.2.1.5 Output. The output of the study was the relative variation in MOE, as
defined in Equation (6-4). Considering the relative MOE (Rwmoe) as the means of
comparison reduces the uncertainties related to non-uniform experimental conditions,
including air content in hardened state, specimen size, test device, loading rate, and test
protocol, etc., typical of databases.

MOE of the concrete moude with RCA (6-4)

Relative MOE (R =
(Buoe) MOE of the reference concrete without any RCA

where relative performance value of 1.0 was considered for the reference mixture of each

study, proportioned without any RCA.
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6.2.2. Laboratory Investigation.

6.2.2.1 Material properties. In total, 43 different concrete mixtures were
produced in laboratory. A type I/ll Portland cement, a Class C fly ash (FA-C), and a
ground granulated blast furnace slag (GGBS) were used as binder materials. The
mixtures were proportioned with either a binary or a ternary cement. The binary cement
was composed of 75% (by mass) OPC and 25% FA-C. The ternary system incorporated
35% FA-C and 15% GGBS. The binary cement was adopted from the concrete mixture
design employed by the Missouri Department of Transportation (MoDOT) for rigid
pavement construction (Sadati and Khayat, 2016). The ternary system was optimized
based on the mechanical properties and shrinkage of concrete equivalent mortar prepared
with w/cm of 0.40, which was optimized by the authors (Khayat and Sadati, 2016). Three
different values of water-to-cementitious materials ratio (w/cm) of 0.37, 0.40, and 0.45
were considered in designing the concrete mixtures. Coarse RCA procured from six
different sources, including five recycling centers and one type of a laboratory produced
RCA was considered for production of concrete mixtures. A single source of siliceous
river sand was incorporated as fine aggregate. Table 6.2 summarizes the aggregate
properties. Air entraining agent was used to secure 6%+1% air in fresh concrete. Water
reducing admixture was incorporated to adjust initial slump values (ranging from 25 to
175 mm). Table 6.3 offers a summary of the mixture proportions and obtained MOE
values obtained in the laboratory.

6.2.2.2 Concrete preparation and testing. A drum mixer with 110-l capacity
was used for preparing the concrete. Slump and air content in fresh state were determined
according to ASTM C143 (2015) and ASTM C231 (2014), respectively. Cylindrical
specimens measuring 100x200 mm were employed for determining the compressive
strength and MOE according to ASTM C39 (2001) and ASTM C469 (2010),
respectively. A vibrating table was employed to secure proper consolidation of the
concrete. Extracted samples were covered with wet burlap and plastic sheets up to 24
hours after casting. The specimens were cured in lime-saturated of 21+2 °C up the testing

time at 28 days.
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Table 6.2 Aggregate properties

Specific  Absorption LA NMAS

Aggregate Source gravity %) abzg/i;on (mm)
Virgin coarse 1 Crushed dolomite 2.73 0.80 28 19
Virgin coarse 2  Crushed dolomite 2.72 0.98 43 19
Virgin coarse 2 Crushed limestone 2.64 0.50 24 19
Sand River-bed sand 2.63 0.40 - 4
RCA1 Laboratory produced RCA 2.35 4.56 41 19
RCA 2 Residual concrete, airfield 2.35 4.46 33 19
RCA 3 Residual concrete, airfield 2.38 4.20 33 19
RCA 4 Commercial recycling, MO 2.25 5.75 39 19
RCA5 Commercial recycling, KS 2.24 6.05 38 19
RCA 6 Commercial recycling, MO 2.17 7.58 44 19
RCA 7 Commercial recycling, MO 2.21 7.13 53 125

6.2.3. Model Development. Being inspired by biological nervous system, the
artificial neural networks are information analysis paradigms widely used as
computational tools. The modeling using ANN involves five main steps: (1) problem
representation and data acquisition; (2) defining the architecture; (3) determining the
learning process; (4) network training; and (5) testing the developed network to ensure
robustness and generalization. Neural networks are composed of a large number of
interconnected artificial processing units, known as neurons. Each neuron typically
consists of five different parts: inputs, weights, transfer function, activation function, and
output as illustrated in Figure 6.2. The xis represent the input applied to each neuron and
wis represent the weight attributed to each input. The transfer function used in this study

is the weighted sum presented in Equation (6-5).

net; = Z W (6-5)
=0

where net; is the weighted sum of the j™ neuron based on the weights and input values

from n neurons of the preceding layer, wij is the weight factors between the j"" neuron and



140

the i neuron of the preceding layer, xi is the output of the i neuron, and b=wqjxo is the
bias (xo=1).

Table 6.3 Summary of concrete mixture properties

Feature Min.  Max. Scenario

I i m v

1 Binder content (kg/m3) 317 323 x *x x %

2 Binder type 2 2 * ook ok x

3 Virgin coarse content (kg/m®) o 136 * * * *

4 Coarse RCA content (kg/m°®) 0 9%4 * * * =

5 water/binder (w/b) 037 045 * * x %

6 water/cement (w/c) 053 080 * * *x *

7 Fine content (kg/m?) 772 795 x x ok %

8  Coarse aggregate absorption (%) 050 098 * * * %

© 9 C-RCA absorption (%) 420 758 * x x %

@ 10 Coarse specific gravity, OD 2640 2730 * * * 0*

E 11 C-RCA specific gravity, OD 2170 2380 * * * *

5 12 Coarse aggregate NMAS (mm) 19 9 * *  *x  x*

= 13 Coarse RCA NMAS (mm) 3 19 * * x 0¥

14 Coarse aggregate LA abrasion (%) 24 43 *ox

15 C-RCA LA abrasion (%) 33 53 *

16 water content (kg/m?) 120 143 * *

17 Total coarse aggregate content (kg/m) 907 1136 * *

18  Coarse combination absorption (%) 050 7.13 * *

19 Coarse combination specific gravity, OD 2210 2730 * *

20 Coarse combination LA abrasion (%) 24 53 *

21 Coarse RCA replacement ratio 0 1 * *
Output  Relative MOE (Rwoe) 0.67 1.05

The activation function translates the net value to the neuron output. A variety of
activation functions are available, such as linear, sigmoid, and hyperbolic tangent
sigmoid. The latter was employed in this study; it takes the net values ranging anywhere

between minus and plus infinite and converts it into an output in the interval [-1, 1].
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Figure 6.2 Schematic structure of a simple neuron model

The neural network toolbox provided by a commercial software (MATLAB
2016a) was used to develop the model. A multilayer perceptron network with one hidden
layer was used to form the ANN architecture. The adjustment of the weight to ensure
developing the desired output based on experimental data is defined as the training
process. Given the acceptable performance in solving problems related to concrete
materials (Duan et al. 2013, Ghafari et al. 2015), the back-propagation learning algorithm
was employed for training the system. This learning process consists of two main steps:
(1) a forward flow of the signal from input layer towards the output layer and calculation
of error based on comparison between the output and the target value, i.e. experimental
data; (2) backward propagation to minimize the error, which is done by adjustment of the
weights and bias values in the input and hidden layers. Levenberg-Marquardt back-
propagation with regularizing parameter equal to 0.001 was incorporated. The dimension
of the input layer was equal to the number of input features incorporated in each analysis
scenario (13, 15, 18, or 21), as discussed in previous sections. The output layer consisted
of one neuron. The approach discussed in (Ghafari et al. 2015) was followed to select the
number of neurons in hidden layer. The number of neurons in the hidden layer was varied
to select the architecture with the best performance, with a parameter sweep within the
range of 1 to 30. In other words, 30 different architectures were investigated for each

input scenario, varying the number of neurons in hidden layer within the range of 1 to 30
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to ensure best performance. For each investigated architecture 100 trials were performed
by randomly initializing the weights and keeping the architecture with the smallest
validation set error to address the local optima issues common to this types of neural
networks. Each combination of optimized architecture and input scenario was replicated
five times to ensure uniform performance of the models. Finally, based on the data
obtained from various architectures, the one with the best performance in terms of
minimum mean square error (MSE) and the highest correlation coefficient (R) between
estimation and target values was finally selected.

A total number of 436 data samples, corresponding to 90% of the data available in
developed database were randomly selected for training the neural network. The 43 data
samples obtained from laboratory investigations (discussed in previous sections) were
used for model validation. The remaining 10% of the data from database were used for

testing the selected model.

6.3. RESULTS AND DISCUSSION
6.3.1. Model Selection. Table 6.4 summarizes the networks’ performance

metrics, i.e. the regression results and error associated with each network, summarizing
the correlations between the estimated values (Output) and the experimental observation
(Target). For each case, the optimal number of neurons for the training, validation and
test subsets were incorporated as defined earlier to investigate the different subsets of
features including 13, 15, 18 or 21 input parameters. Strong correlations were observed
for the investigated models. The correlation values ranging from 0.68 to 0.94 for training,
from 0.82 to 0.91 for validation, and from 0.77 to 0.91 for testing phase, with validation
mean square error ranging from 0.00144 to 0.00260. In addition to the R and MSE
values, the uniformity of data distribution around the equity line (X=Y) for validation and
testing sets was also incorporated as a measure to select the models with best
performance from each scenario.

Results presented in Figure 6.3 to Figure 6.6 illustrate the correlations between
the predictions obtained from the selected models and the experimental targets, obtained

through training, validation, and testing along with the validation MSE associated with
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each model. Each of the selected models correspond to one of the investigated input
scenarios.

Given the requirements for proper prediction are met, it is generally
recommended to select regression models with lower number of input parameters. It is
also recommended to avoid dependent variables as input parameters to avoid multi-
collinearity, unless it is proved that the incorporation of such features can enhance the
model performance. Considering the aforementioned model selection guidelines, and
given the comparable performance of the four selected models presented in (Figure 6.3,
Figure 6.4, Figure 6.5, and Figure 6.6), it was finally decided to use the models with 13

and 15 input features (Scenarios I and I1I).

Table 6.4 Summary of model performances

Scenario  Replication TrainingR  Validation R  TestingR  Validation MSE

1 0.89 0.82 0.87 0.00259
£ 2 0.93 0.85 0.83 0.00237
E 3 0.91 0.85 0.85 0.00225
= 4 0.86 0.85 0.84 0.00242
Gk 0.93 0.83 0.91 0.00244
1x* 0.91 0.83 0.87 0.00260
[72]
£ 2 0.91 0.85 0.84 0.00259
E 3 0.93 0.84 0.85 0.00232
0 4 0.90 0.84 0.85 0.00237
5 0.92 0.86 0.87 0.00235
\ 1 0.81 0.89 0.84 0.00158
8 2 0.68 0.89 0.86 0.00174
>
g Jrx 0.91 0.88 0.88 0.00204
= 4 0.78 0.84 0.77 0.00237
—
0.90 0.88 0.82 0.00186
\ 0.90 0.91 0.86 0.00144
8 0.91 0.87 0.84 0.00198
>
g Jrx 0.94 0.90 0.89 0.00183
- 4 0.85 0.88 0.87 0.00191
[q\]
5 0.93 0.90 0.86 0.00164

*Including LA abrasion values

**Selected model
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T T T T

Output ~= 0.84*Target +0.14
Output ~= 0.75*Target + 0.22

L o L L L L N
05 06 0.7 0.8 0.9 1 11 12 13 06 065 07 075 08 085 09 095 1 1.05
Target Target

Testing: R=0.90698

Best Validation Performance is 0.0024398 at epoch 12

e TN

Validation

Test

Best

Output ~= 0.8*Target + 0.19
Mean Squared Error (mse)

05 L5 L L L N N 18 Epochs
05 06 07 08 09 1

Target

Figure 6.3 Model performance with 13 input features (Scenario I)

6.3.2. Case Study. The selected models were employed to quantify the effect of
RCA incorporation on MOE of concrete for transportation infrastructure. The concrete
used by the Missouri Department of Transportation (MoDOT) was used as the test bed.
The test scenario involved investigating the rate of variation in MOE of concrete
prepared with 323 kg/m® of cementitious materials and 0.40 w/cm. The simulated mixture
was made with virgin coarse aggregate with 0.8% water absorption, specific gravity of

2.73, and LA abrasion of 28%. The range of the investigated RCA properties were: (1)
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water absorption of 1.8%-8.5%, oven-dry specific gravity of 2.1-2.5 for the simulation

according to Scenario (I); (2) water absorption of 3.2%-8.5%, oven-dry specific gravity

of 2.1-2.4, and LA abrasion of 25%-53% for the simulation based on Scenario (111).

Train: R=0.91493

Output ~= 0.84*Target + 0.13

Target

Testing: R=0.87343
T T

® 0@

Output ~= 0.83*Target + 0.15

Target

Output ~= 0.77*Target + 0.2

Mean Squared Error (mse)

Validation: R=0.82818

Target

Best Validation Performance is 0.0026009 at epoch 4

e TrIN

Validation

Test

Best

10 Epochs

Figure 6.4 Model performance with 18 input features (Scenario I1)

Figure 6.7 presents the effect of RCA specific gravity on of MOE concrete

investigated in scenario I. Results indicate reduction in MOE due to the use of higher

RCA content and with the use of RCA with lower specific gravity. Figure 6.8 illustrates
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the effect of RCA water absorption on MOE based on scenario I. Decrease in MOE due
to the use of RCA with higher water absorption was observed. For instance, the use of
20% and 50% (by mass) of RCA with 6.0% water absorption is shown to reduce the
MOE by 10% and 20%, respectively. These findings are in line with the previous

findings based on the obtained experimental results, discussed in previous sections.
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Figure 6.5 Model performance with 15 input features (Scenario I11)
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Figure 6.6 Model performance with 21 input features (Scenario 1V)

Figure 6.9 presents the effect of RCA water absorption on variations in MOE of
concrete based on scenario Ill. Similar to the data obtained from scenario I, it was
observed that the use of RCA with higher water absorption reduces the MOE. Results
indicate 30% reduction in MOE of simulated pavement concrete with full replacement of
coarse aggregate with RCA with 7.0% water absorption.
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Figure 6.7 Effect of RCA specific gravity on MOE of concrete designated for rigid
pavement construction, Scenario |
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Figure 6.8 Effect of RCA absorption on MOE of concrete designated for rigid pavement
construction, Scenario |

In general and based on the data obtained through the ANN modeling, it can be
concluded that the simulation results follow the same trends as those observed for the



149

experimental investigations presented in previous sections. Results verify the viability of
the proposed model and the feasibility of using the data for estimating the variations in

MOE of concrete designated for rigid pavement construction.
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Figure 6.9 Effect of RCA water absorption on MOE of concrete designated for rigid
pavement construction, Scenario 111

Figure 6.10 presents the variations in MOE of the investigated concrete as a
function of the RCA specific gravity. Results indicate that the use of 20% RCA with
specific gravity of 2.1, or the use of over 40% RCA with specific gravity of 2.45 can lead
to 10% reduction in MOE of the investigated concrete while compared to the mixture
prepared without any RCA. Figure 6.11 illustrates the effect of RCA LA abrasion on
MOE. As expected, results indicate a tendency to reduction in MOE as a results of using
RCA with higher LA abrasion values. For instance, the use of 30% and 60% (by weight)
of RCA with 40% LA abrasion was shown to reduce the MOE by about 10% and 20%,
respectively, while compared to the case of the reference mixture prepared with 100%
virgin coarse aggregate.
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6.4. REMARKS
e A database was developed in this section to investigate the effect of coarse RCA

on MOE of concrete. Over 480 data series were extracted from 52 technical
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papers, summarizing the key physical properties of coarse RCA and the
proportions of the investigated mixtures.

Artificial neural networks were employed for the analysis of the database. Four
main scenarios were considered to investigate different combinations of the input
parameters.

Data obtained from 43 concrete mixtures investigated in the laboratory were
incorporated for model validation. Results indicated strong correlation between
the experimental target values and data obtained through the simulation. Strong
correlations were observed for the selected models with correlation factors
ranging from 0.83 to 0.94 for training, validation, and testing of the selected
models.

The availability of such a tool makes it possible to quantify the extents of the
variation in MOE of different types of concrete mixtures compared to
corresponding reference mixtures prepared with similar mixture proportions, i.e.
same binder type and content, same water content, etc., made with different types
and amounts of coarse RCA.

The developed model was incorporated to simulate the effect of RCA
characteristics on variations in MOE of concrete designated for rigid pavement
construction. Depending on the RCA quality, Results indicate up to 20%
reduction in MOE of the pavement concrete due to 50% coarse RCA replacement.
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7. DRYING SHRINKAGE OF PAVEMENT CONCRETE MADE WITH
RECYCLED CONCRETE AGGREGATE

7.1. RESEARCH SIGNIFICANCE
The research presented in this section addresses the effect of RCA on drying

shrinkage of concrete designated for rigid pavement construction. A comprehensive
laboratory investigation was considered to evaluate the effect of RCA content and key
physical properties on drying shrinkage. Six types of coarse RCA procured from different
sources and a single source of fine RCA were employed for replacement of virgin coarse
an fine aggregate. The mixtures were prepared with two different binder systems, a
binary and a ternary cement, and three w/cm ranging from 0.37 to 0.45. The effect of
RCA replacement level, interactions with w/cm, binder type, and overall paste quality
were investigated. The data obtained from laboratory investigations were incorporated to
establish correlations between RCA properties and concrete shrinkage. The results
presented here should be of interest to owner agencies and engineers considering the

design and use of RCA in concrete for transportation infrastructure.

7.2. EXPERIMENTAL PROGRAM
7.2.1. Material Properties. The cementitious materials used for the

development of the investigated concrete included a Type I/l Portland cement (OPC), a
Class C fly ash (FA-C), and a ground granulated blast furnace slag (GGBS). The
mixtures were proportioned with either a binary or a ternary cement. The binary cement
was composed of 75% (by mass) OPC and 25% FA-C. The ternary system incorporated
35% FA-C and 15% GGBS. The binary cement was adopted from the concrete mixture
design employed by the Missouri Department of Transportation (MoDOT) for rigid
pavement construction (Sadati and Khayat, 2016). The ternary system was optimized
based on the mechanical properties and shrinkage of concrete equivalent mortar prepared
with w/cm of 0.40, as discussed in previous sections.

Two types of crushed dolomite coarse aggregate with nominal maximum size of
19 mm were incorporated in proportioning the concrete mixtures. Well-graded siliceous
river-bed sand with fineness modulus of 2.47 was employed. Coarse RCA procured from



153

six different sources, including five commercial recycling centers and one type of a
laboratory produced RCA, were considered. One source of commercially produced RCA
was used for partial replacement of sand in selected mixtures. RCA particles were
saturated before mixing. Table 7.1 presents the physical properties of the fine and coarse
aggregates. A lignum-based water reducing admixture (WRA) with specific gravity of

1.2 and 40% solid content, and an air-entraining admixture (AEA) were incorporated.

Table 7.1 Aggregate properties

Los Angles

Aggregate Source ZF;SS'IR/C Abs((z;stion abzsa/:;on N(rl:]/lnA]\)S
Virgincoarse 1 Dolomite (DOL1) 2.73 0.80 28 19
Virgin coarse 2 Dolomite (DOL2) 2.72 0.98 43 19
Sand River-bed sand 2.63 0.40 - 4
Fine RCAl Residual concrete, airfield 2.41 6.80 - 4
RCA 1 Laboratory produced RCA 2.35 4.56 41 19
RCA?2 Residual concrete, airfield 2.35 4.46 33 19
RCA 3 Commercial recycling, Missouri 2.25 5.75 39 19
RCA 4 Commercial recycling, Kansas 2.24 6.05 38 19
RCAS5 Commercial recycling, Missouri 217 7.58 44 19
RCA 6 Commercial recycling, Missouri 2.21 7.13 53 12.5

7.2.2. Concrete Mixture Proportions. In total, 38 concrete mixtures were
produced with w/cm of 0.37, 0.40, and 0.45. All mixtures were proportioned using the
DOL1 coarse aggregate, except for the ones cast with w/cm of 0.45, where DOL2 was
used as the virgin coarse aggregate. The AEA was used to secure 6%+1% air and the
WRA was incorporated to attain required initial slump values. Table 7.2 presents a
summary of key mixtures proportions and fresh properties of the investigated concrete.
More details on concrete mixture proportions are presented in Section 4 of this document.
A coding system was adapted to label the concrete mixtures, which indicates the RCA

type and content, the binder type, and the w/cm. For instance, the “RCA2-50-B-40”
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mixture refers to the concrete containing 50% (by vol.) of “RCA2”, binary cement (B),
and 0.40 w/cm.

Table 7.2 Summary of concrete mixture proportioning and fresh properties

Binder content (kg/m?) 317-323

Binary: 75% OPC + 25% FA-C

Binder type (% mass)
Ternary: 50% OPC + 35% FA-C + 15% GGBS

w/cm 037, 0.40, 0.45
C-RCA content (% vol.) 0, 30, 50, 70, 100
F-RCAZ1 content (% vol.) 0, 15, 30, 40

Air (%) 6+1

Slump (mm) 50+£25, 150+25

7.2.3. Specimen Preparation and Testing. A drum mixer with 110-1 capacity
was used for preparing the concrete. The batching sequence consisted of: (1) mixing the
aggregates and one third of the water at low speed for 3 min to ensure homogenized
distribution and saturation of the particles; (2) AEA diluted in one third of the mixing
water was added and agitation continued at high speed for 1 min; (3) introducing the
cementitious materials and mixing for 1 min at high speed; (4) WRA was diluted in rest
of the water and added to the batch and mixed for 2 min at high speed. After 2 min of
rest, mixing was resumed for 3 min at high speed. Slump and air content in fresh state
were determined according to ASTM C143 (2015) and ASTM C231 (2014), respectively.
Drying shrinkage was monitored using 75x75x285 mm prisms according to ASTM C157
(2008). A vibrating table was used to secure proper consolidation of the concrete. The
specimens were covered with wet burlap and plastic sheets up to 24 hours after casting.
Two curing regimes were considered, where specimens were cured in lime-saturated of
21+2 °C for either three or seven days, followed by air drying at 23+1 °C and 50%z+3%

relative humidity.
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7.3. RESULTS AND DISCUSSION
7.3.1. Mixtures Cast without RCA. Figure 7.1 presents the variations in drying

shrinkage of the concrete mixtures cast without any RCA. The Reference concrete made
with dolomite coarse aggregate (DOL1-B-40) proportioned with binary cement and 0.40
w/cm, exhibited 28-, 56-, and 90-day drying shrinkage values of 320, 430, and 440 e,
respectively. Reducing the curing duration from seven to three days resulted in slightly
higher shrinkage at first 28 days (11.3 vs. 13.9 upe/day). However, no significant effect
was observed after 90 days of drying (440 vs. 450 pe).

The incorporation of ternary cement in the concrete made with virgin aggregate
(DOL1-T-40) reduced the shrinkage to 340 pe at 90 days. This could be attributed to
lower OPC content, and modifications in pore structure in light of pozzolanic reaction
caused by the use of 50% SCM. As expected, further reduction in drying shrinkage was
observed in the case of the mixture cast with ternary cement and 0.37 w/cm, where the
28- and 90-day shrinkage were limited to 250 and 315 pe. Increasing the w/cm from 0.40
to 0.45 increased shrinkage of the DOL2-B-45 mixture, with 90-day value of 480 .
This could also be in part attributed to lower overall quality of coarse aggregate (LA
abrasion of 28% vs.43% and absorption of 0.80% vs. 0.98%).

Figure 7.2, Figure 7.3, and Figure 7.4 present the drying shrinkage results of the
various mixtures made with 0.40 w/cm and binary cement (B-40), and incorporating
30%, 50%, and 100% RCA, respectively. The mixtures with lowest drying shrinkage
values included the Reference concrete cast without any RCA, RCA1-30-B-40, and
RCAS3-30-B-40 with 90-day shrinkage of 440-470 pe. Up to 100 pe increase in 90-day
shrinkage was observed when 30% of RCA4, RCA5, and RCA6 was used. These results
correspond to 2%-23% increase in 90-day shrinkage due to 30% RCA replacement in B-
40 mixtures. Despite of the use of 50% RCA replacement of virgin aggregate, the B-40
concrete made with RCA1 and RCAS3 exhibited relatively low shrinkage values of 480
and 520 pe at 90 days, respectively, which corresponds to 40 and 80 pe increase
compared to the Reference mixture. However, similar concrete made with rest of the
RCA types had up to 40% higher 90-day shrinkage values. An increase in the RCA
content from 0 to 100% resulted in significantly greater drying shrinkage at early age and
90 days. The concrete proportioned with 100% RCA exhibited shrinkage rate of 27-31
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ue/day for the first 10 days of drying, compared to 20 pe/day for the Reference concrete.
The maximum 90-day shrinkage of such concrete was 650 pe for the RCA6-100-B-40
mixture compared to 450 pe for the Reference mixture.

Figure 7.5 and Figure 7.6 present the shrinkage results obtained for mixtures
made with ternary cement and 0.37 w/cm (T-37), and containing 30% and 50% RCA,
respectively, from different sources. Again the lowest shrinkage was observed for the
mixture cast without any RCA, with 90-day value of 315 pe. The incorporation of 30%
RCA resulted in an increase of 22% to 45% of the 90-day shrinkage, corresponding to 70
to 140 pe increase, compared to the concrete without any RCA. Significant increase
(34% to 80%) in 90-day shrinkage of the mixtures cast with ternary cement and w/cm of
0.37 was observed in concrete with 50% RCA. The mixtures proportioned with 50%
RCAG exhibited the maximum 90-day shrinkage values of 560 pie. This can be attributed
to the significantly higher LA abrasion and absorption rate of the RCA®6, along with the
reduced maximum size and rigidity of the aggregate skeleton. It should be noted that
reduction in maximum aggregate size can result in reduced slump. In this case slump was

kept constant with adjustment of WRA dosage.
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Figure 7.1 Variations in drying shrinkage of the mixtures prepared without any RCA
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7.3.2. Effect of RCA Content. Figure 7.7 presents the relative shrinkage values,
defined as the ratio of drying shrinkage of concrete made with RCA to values for the
corresponding mixture cast with virgin dolomitic aggregate (concrete with the same
w/cm and binder type). In general, an increase in RCA content led to greater shrinkage.
Considerable spread in relative shrinkage was obtained for each corresponding RCA
content. These values ranged from 0.62 to 1.70, 0.89 to 2.10, 1.16 to 2.10, and 1.25 to
1.60 for concrete with 30%, 50%, 70%, and 100% RCA, respectively. Such variations in
relative shrinkage reveal the fact that RCA content is not the only factor to govern
shrinkage; instead, interaction with the other parameters, such as mixture proportions,
and RCA quality should be considered in the analysis. The average relative shrinkage
was 1.44, 1.28, 1.24, and 1.17 for the various mixtures determined at 7, 28, 56, and 90
days, respectively. This indicates that shrinkage starts with a higher rate in concrete
incorporating RCA, as shown previously.



160

25 ,

2 0 - S 3 P a
)
S| - 8 o o
g ® ﬁ
5 )
210 @
=
[
o

O
0.5 demsmmmme el T bessemeuressramrens slleons srsruesn s nrueen
+90-day O56-day | x28-day él:l’f'-day
0.0 ': = i
0 25 50 75 100

Coarse RCA content (%)

Figure 7.7 Relative shrinkage as a function of RCA content

7.3.3. Effect of Mixture Properties. Figure 7.8 presents the shrinkage results
obtained for mixtures cast with 0 to 70% of RCA2 and 0 to 50% of RCA1 made with
either ternary binder with 0.37 and 0.40 w/cm or binary system with 0.40 and 0.45 w/cm.
The reduction in the 90-day shrinkage due to reducing the w/cm from 0.40 to 0.37 in
mixtures made with up to 30% RCA2 was limited to 30 pe. However, increasing the
replacement ratio to 50% and 70% enhanced the degree of sensitivity to variations in
w/cm where the 90-day spread was up to 85 pe. For mixtures cast with RCA1, increasing
the w/cm from 0.40 to 0.45 did not have any significant effect on drying shrinkage. The
results suggest that shrinkage was more sensitive to variations in w/cm with higher
quality paste, especially at 90 days and replacement levels greater than 50%. Considering
the data presented in Figure 4, it can be suggested that the effect of RCA on drying
shrinkage of mixtures proportioned with w/cm of 0.40 or less (e.g. 0.37) can be more
sensitive to variations in w/cm, compared to those cast with higher than 0.40.

Figure 7.9 presents the variations in drying shrinkage of the mixtures cast with 0
and 50% of RCAZ2, proportioned with fixed w/cm of 0.40, and binary or ternary cement.
Mixtures prepared with ternary binder were more sensitive to the use of RCA compared

to those with binary cement. The use of 50% RCA in the mixture made with binary
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cement increased the 7-, 28-, and 56-day shrinkage from 150 to 165, 320 to 385, and
from 435 to 460 pe, respectively. However, using 50% RCA in mixtures with the ternary
cement increased the 7-, 28-, and 56-day drying shrinkage from 100 to 205, 245 to 365,
and from 325 to 430 pe, corresponding to 105%, 52%, and 32% increase, respectively. In
the case of the 90-day results, using 50% RCA in concrete cast with ternary binder
increased the drying shrinkage from 340 to 500 pe, corresponding to 47% increase. It can
be concluded that even though the shrinkage results were generally lower in mixtures
with ternary system, the concrete proportioned with ternary system was more sensitive to
use of 50% RCA. The degree of sensitivity to binder composition was higher in mixtures
cast without any RCA where the 90-day results were 440 and 340 pe for the binary and

ternary systems, corresponding to 23% reduction.
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Figure 7.8 Effect of w/cm on drying shrinkage

In summary it can be concluded that concrete with enhanced paste quality, i.e.
reduced w/cm and/or that made with ternary binder can exhibit higher sensitivity of
increase in drying shrinkage with using RCA. However, results suggest that the partial
replacement of higher quality RCA with water absorption less than 5% and LA abrasion

mass loss limited to 40%, can minimize any negative effect. As an example, the RCA1-
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50-T-37, RCA2-50-T37, and RCA3-50-T-37 mixtures proportioned with ternary cement
and w/cm of 0.37 exhibited 90-day shrinkage values of 415, 445, and 450 pe,
respectively, which were comparable to 440 pe for concrete cast with virgin aggregate,

binary cement, and 0.40 w/cm.
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Figure 7.9 Effect of binder type on shrinkage of concrete with 50% RCA

7.3.4. Mixtures Made with Fine RCA. Figure 7.10 presents the effect of 15%
(by vol.) fine RCAL replacement on concrete made with 30% and 50% coarse RCAZ2,
prepared with ternary cement and 0.37 and 0.40 w/cm. Regardless of the w/cm, it was
generally observed that the use of 15% fine RCA increased the drying shrinkage of the
investigated mixtures at all investigated ages. For instance, the 15% fine RCA
replacement in concrete made with 30% coarse RCA2 and 0.40 w/cm, increased the 90-
day shrinkage by about 10%; from 440 to 480 pe. An increase in 90-day shrinkage from
495 to 550 pe was observed due to the use of 15% fine RCAL1 in concrete made with 50%
coarse RCA2 and 0.40 w/cm.

Figure 7.11 presents the shrinkage results obtained for concrete made with 50%
and 70% coarse RCA2, with 0 to 40% fine RCA1. All mixtures were prepared with 0.40
w/cm and ternary cement. Similar to the previous results, the increase in fine RCA
content resulted in greater shrinkage values. The use of 15%, 30%, and 40% fine RCA in
concrete made with 50% coarse RCAZ2 increased the 90-day shrinkage from 495 to 550,
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560, and 650 pg, respectively, corresponding to up to 31% increase in 90-day shrinkage.
Trends were similar in the case of the mixtures made with 70% coarse RCA2, where the
use of 15% and 30% fine RCA increased the 90-day shrinkage from 520 to 560 and 540

LLE.
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7.3.5. Quantifying the Effect of RCA Properties. As presented in Figure 7.7, a
considerable spread in relative shrinkage can be observed for a given RCA content, thus
indicating that the shrinkage is affected by the properties of RCA. The main physical
properties include water absorption, specific gravity, and mass loss due to LA abrasion,
which are employed by the standards, recommendations, and guidelines to define RCA
quality (Butler et al. 2013; ASHTO 2015; Mc Neil and Kang 2012).

The residual mortar phase available in RCA particles is the main source of
difference in properties of RCA compared to virgin aggregate (Silva et al., 2014). A
higher content of residual mortar is normally expected to cause greater impact on
engineering properties of RCA, i.e. lower specific gravity, higher absorption rate, and
higher mass loss due to LA abrasion. An aggregate skeleton formed by the combination
of virgin and recycled aggregate is therefore expected to exhibit relatively higher water
absorption, greater LA abrasion, and lower specific gravity, compared to virgin
aggregate. This is in agreement with data reported by Omary et al. (2016) that describe
the properties of an aggregate blend as a linear combination of the properties of the blend
constituents. Such a concept can be incorporated to calculate the properties of the
aggregate combination as a function of the relative mass/volume of the fractions found in
the composition. The following were used to determine the oven-dry specific gravity,
water absorption, and mass loss due to LA abrasion of a given combination of coarse

aggregate, respectively, as suggested by Omary et al. (2016).

Coarses, = [(Massgy, X RCA )+ (Massy, X NCoo)]/(Mass,  +Mass,,.) (7-1)
Coarsey, = [(Massgs, X BCA,, )+ (Massg. X NCy )]/ (Mass,_ + Massg.) (7-2)

Coarsey, = [(Massg, X RCAL,) + (Massy, X NC, )/ (Massy,, +Massg)  (1-3)

where Massrca is the RCA content (kg/m®), Massnc is the virgin coarse aggregate
content (kg/m?), RCAsc is the oven-dry specific gravity of RCA, NCsc is the oven-dry
specific gravity of the virgin coarse aggregate, RCAans is the water absorption of the
RCA (%), NCans is the virgin coarse aggregate absorption rate (%), RCA_a is the mass
loss due to LA abrasion of RCA (%), NCya is the mass loss due to LA abrasion of the
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virgin coarse aggregate (%), and Coarsesg, Coarseans, and Coarse.a are the oven-dry
specific gravity, water absorption rate (%), and LA abrasion (%) of the coarse aggregate
combination, respectively.

Data obtained from testing of the concrete mixtures subjected to seven days of
initial moist curing were incorporated to establish the correlations between combined
aggregate physical properties and drying shrinkage at 7, 28, 56, and 90 days. Two main
scenarios were investigated: (1) concrete prepared with 323 kg/m® of binary cement and
0.40 w/cm; (2) concrete made with 323 kg/m? of ternary cement and 0.37 w/cm.

Figure 7.12 and Figure 7.13 present the correlation between the oven-dry specific
gravity of coarse aggregate combination and drying shrinkage at 7, 28, 56, and 90 days.
As expected, shrinkage was decreased as a function of increase in specific gravity of
combined coarse aggregate. The coefficient of determination (R?) values of the linear
correlations obtained between the shrinkage results and the combined specific gravity,
ranged from 0.51 to 0.74 and 0.76 to 0.81 for the T-37 and B-40 mixtures, respectively.
Higher R? values were observed for the B-40 mixtures compared to the T-37 concrete for
corresponding ages. Comparing the slope of the regression lines in these figurs suggests
that shrinkage values are more sensitive to reduction in combined specific gravity, i.e.
higher RCA content and/or lower quality RCA, at later ages. As an instance, a reduction
of 0.1 in specific gravity of coarse aggregate combination could lead to 47 pe increase in
90-day shrinkage of the mixtures cast with binary cement and w/cm of 0.40. Such a
reduction was 19 pe at 7 days. This was in line with data presented in Figure 2 where
shrinkage of RCA mixtures were significantly higher than those of corresponding
Reference mixtures at later ages. The trend lines for the T-37 mixtures had higher slopes
than the B-40 ones, suggesting that the increase in RCA content and/or use of lower RCA
quality can have a more pronounced effect on shrinkage.

Figure 7.14 and Figure 7.15 present the correlation between the water absorption
of the combined coarse aggregate and drying shrinkage at 7, 28, 56, and 90 days. Increase
in shrinkage was observed as a result of higher absorption rate of the combined coarse
aggregate. Values of R? obtained for the linear correlation between the shrinkage results
and the combined water absorption ranged between 0.51 and 0.85 for the 7-day and 90-
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day measurements of the T-37 mixtures, respectively. Such values ranged from 0.77 to

0.80 for the B-40 mixtures.
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Higher slope of the 90-day trend lines suggest that the degree of sensitivity to
absorption, is increasing with elapsed time from drying. As an instance, an increase of
1% in water absorption of coarse aggregate combination in mixtures made with binary
cement and w/cm of 0.40 could increase the 90-day shrinkage by 42 pe. Such an increase
is expected to be limited to 17 pe for 7-day results. Even though the shrinkage values of
the T-37 mixtures were generally lower than those of the B-40 ones, higher slopes of the
trend lines obtained for the T-37 mixtures reveal the fact that the T-37 mixtures were

more sensitive to RCA incorporation, which was in line with previous observations.
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Figure 7.14 Effect of combined coarse aggregate water absorption on drying shrinkage of
concrete made with ternary cement and 0.37 w/cm

Figure 7.16 and Figure 7.17 present the correlation between the LA abrasion of
the combined coarse aggregate and drying shrinkage at 7, 28, 56, and 90 days. Shrinkage
was reduced with a decrease in LA abrasion value of the coarse aggregate combination.
Values of R? ranged from 0.28 to 0.81 and 0.54 to 0.57 for the T-37 and B-40 mixture,
respectively. Similar to previous observations, slopes of the trend lines were higher in the
case of the T-37 mixtures, indicating that the increase in RCA content and/or use of RCA

of lower quality can have a stronger impact on shrinkage. Higher slope of the 90-day
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trend lines suggest that the degree of sensitivity to LA abrasion, is increasing at later
ages. As an instance, an increase of 5% in LA abrasion of coarse aggregate combination
in mixtures cast with ternary cement and w/cm of 0.37 could increase the 90-day

shrinkage by 95 pe. Such an increase is expected to be limited to 28 pe for 7-day results.
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Figure 7.15 Effect of combined coarse aggregate water absorption on drying shrinkage of
concrete made with binary cement and 0.40 w/cm

Comparing the regression results for the 90-day data presented in Figure 7.12 to
Figure 7.17, where less variability was obtained, it can be concluded that the combined
specific gravity and combined absorption are better predictors for drying shrinkage of the
B-40 mixtures. In the case of the B-40 concrete, the R? values were 0.77 and 0.78 for the
combined specific gravity and combined absorption compared to 0.57 for the combined
LA abrasion results. Combined absorption rate and combined LA abrasion values
resulted in more accurate predictors of the 90-day shrinkage of the T-37 mixtures. The R?
values were 0.85 and 0.81 for the combined absorption and combined LA abrasion of the
T-37 mixtures, compared to R? of 0.74 for the combined specific gravity. In summary, it

can be concluded that regardless of the w/cm and binder type, the water absorption and
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replacement rate of RCA can be considered as the main factors governing the drying
shrinkage of a RCA concrete.
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Figure 7.16 Effect of combined coarse aggregate Loss Angeles abrasion on drying
shrinkage of concrete made with ternary cement and 0.37 w/cm
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Figure 7.17 Effect of combined coarse aggregate Loss Angeles abrasion on drying
shrinkage of concrete made with binary cement and 0.40 w/cm
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Evaluating the coupled effect of the factors presented in in Figure 7.12 to Figure
7.17, did not present any significant effect. Figure 7.18 and Figure 7.19 present examples
of contour diagrams generated based on the results of the 90-day drying shrinkage results
for the B-40 mixture. The virgin coarse aggregate considered in this example has an

absorption of 0.8% and an oven-dry specific gravity of 2.73.
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Figure 7.18 Variations in 90-day drying shrinkage of concrete made with binary cement
and 0.40 w/cm as a function of RCA specific gravity

Based on the results presented in Figure 7.18, the incorporation of 20%, 40%,
60%, 80%, and 100% RCA with specific gravity of 2.50 can result in 90-day shrinkage of
460, 480, 500, 520, and 540 pe, compared to about 440 pe for the mixture without any
RCA. For a mixture cast with 50% RCA, increasing the specific gravity of RCA from
2.20 to 2.45 and 2.70 is shown to reduce the 90-day shrinkage from 560 to 500 and <450
ue, respectively. Using the data presented in Figure 7.19, it can be concluded that the
incorporation of 30%, 50%, 80%, and 100% RCA with 6.0% absorption rate, could lead
to an increase in 90-day shrinkage from <450 to approximate values of 500, 550, 600,
and 650 pe, respectively. In the case of a concrete proportioned with 50% RCA, the
increase in RCA absorption from 3.0% to 5.0% and 8.0% can lead to greater shrinkage of

475 to 525 and 575 pe, respectively.
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Figure 7.19 Variations in 90-day drying shrinkage of concrete made with binary cement
and 0.40 w/cm as a function of RCA specific gravity

These results indicate that for a typical RCA replacement of 30%, drying
shrinkage can increase to values of up to 525 pe, compared to a Reference concrete with
90-day shrinkage of about 450 pe. In an extreme case where 100% RCA with absorption
of up to 8.0% or specific gravity as low as 2.2 is used, there is a potential for up to 50%-
55% increase in drying shrinkage for the B-40 mixture, which corresponds to MoDOT
Reference pavement concrete. This is in agreement with the survey conducted by

(NCHRP 2013) and the correction factors presented in literature review in Section 2.

7.4. REMARKS
The effect of RCA on drying shrinkage of concrete designated for transportation

infrastructure was investigated. A binary cement containing 25% Class C fly ash and a
ternary system with 35% Class C fly ash and 15% GGBS were incorporated. The
mixtures were proportioned with w/cm of 0.37, 0.40, and 0.45. RCA procured from five
commercial recycling centers along with one laboratory produced RCA were employed at
30% to 100% replacement. Based on the results presented in this paper, the following

conclusions are warranted:
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The use of fine RCA increased the drying shrinkage significantly. The use of up
to 40% fine RCA in concrete made with 50% coarse RCA2 increased the 90-day
shrinkage from 495 to 650 pe, corresponding to up to 31% increase in 90-day
shrinkage. On the average, the use of coarse RCA increased the drying shrinkage
by 44% and 17% at 7 and 90 days, respectively.

Key physical properties of RCA, including water absorption, specific gravity, and
LA abrasion affect shrinkage. For example, in the case of a mixture proportioned
with binary cement and 0.40 w/cm and 50% RCA, increasing the absorption of
the RCA from 3.0% to 5.0% and 8.0% increased shrinkage from 475 to 525 and
575 ue, respectively.

The properties of the concrete mixture also affect the sensitivity to using RCA.
The use of higher quality paste given a lower w/cm (0.37 vs. 0.40) and a ternary
cement vs. binary system was more sensitive to the rate of RCA replacement. As
an instance, the increase in 90-day shrinkage due to increasing the w/cm from
0.37 to 0.40 in mixtures with up to 30% RCA2 was limited to 30 pe. However,
increasing the replacement ratio to 50% and 70% enhanced the degree of
sensitivity to variations in w/cm with a 90-day spread of 85 pe due to increase in
w/cm from 0.37 to 0.40.

The water absorption, specific gravity, and LA abrasion of the combined RCA
and virgin coarse aggregate have significant effect on drying shrinkage. The water
absorption characteristics yielded the highest R? values of 0.78 and 0.85 for
mixtures cast with 0.40 and 0.37 w/cm, respectively.

The RCA replacement level (% mass), water absorption rate, and specific gravity
were used as input parameters to develop contour graphs to enable prediction of
90-day shrinkage of concrete typically used by State DOTs for rigid pavement
construction. Results indicate up to 17% increase (from 450 to 525 pe) in 90-day
shrinkage of such a mixture due to incorporation of 30% RCA with specific
gravity of 2.2 and water absorption of 8.0%. Up to 55% increase in 90-day drying
shrinkage due to full replacement of such RCA in these pavement mixtures could

be expected.
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8. RESTRAINED SHRINKAGE CRACKING OF CONCRETE MADE
WITH RECYCLED AGGREGATE

8.1. RESEARCH SIGNIFICANCE
Cracking can lead to pavement distress, resulting in significant reduction in

service life. Greater drying shrinkage as a result of high surface-to-volume ratio, along
with high degree of restraint exerted by the base layer and adjacent slabs can increase
cracking potential in rigid pavement. The interaction between the tensile stresses induced
by shrinkage, material’s tensile strength, and stress relaxation in a viscoelastic material,
like concrete, governs cracking under restrained conditions (Monteiro 2006, Shah and
Weiss 2006, Weiss and Shah 2002, Loser and Leemann 2009). The incorporation of RCA
can affect these material characteristics. Variations in volume stability, modulus of
elasticity (MOE), and tensile properties of concrete due to the use of RCA can alter the
cracking resistance under restrained conditions. Cracking potential under restrained
shrinkage conditions is reduced with the decrease in drying shrinkage and MOE and the
increase in tensile strength (Monteiro 2006). Compared to virgin aggregate, the use of
RCA can decrease tensile strain capacity and increase drying shrinkage, leading to
greater risk of cracking. However, the use of RCA can also reduce the MOE of the
concrete, thus enhancing stress relaxation and reducing the risk of cracking (Hwang and
Khayat 2010).

Availability of residual mortar in RCA particles reduces the overall stiffness of
the coarse aggregate skeleton and increases the absolute volume of mortar in the
hardened state. This reduces the rigidity of the concrete, resulting in lower MOE
compared to the mixtures prepared with virgin aggregate (Knaack and Kurama 2014,
Fonseca et al. 2011, Vieira et al. 2011). The existence of micro-cracks and defected
interfacial transition zone (ITZ), typical of RCA materials, can significantly affect the
MOE (Monteiro 2006).

The porosity of adhered mortar, along with higher content of fines and dust in
RCA, can increase the water absorption of the RCA compared to virgin aggregate.
Results of a survey (FHWA 2004) reveal the fact that coarse RCA sources typically
exhibit absorption of 2% to 6% compared to typical values of lower than 2% for virgin
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aggregate. Such increase in water absorption, along with the reduced restraining capacity
of the less rigid RCA can lead to greater shrinkage (Henry et al. 2011, Corinaldesi 2010).

The decrease in tensile strength of concrete as a result of RCA can also enhance
the risk of cracking. The presence of deleterious materials (e.g. bituminous and organic
materials), weakened ITZ and micro-cracks in RCA can lower tensile properties of the
concrete. On the other hand, rough surface texture and typically angular shape of RCA
particle can have beneficial effect on tensile strength of mixtures incorporating RCA
(Kim and Yun 2013, Yang et al. 2008, Kang et al. 2014).

The above properties of concrete made with RCA can indeed influence the
potential for cracking of concrete using RCA under restrained conditions. The present
research investigates the effect of RCA on cracking under restrained shrinkage. Concrete
mixtures made with either 50% or 100%, by volume, of RCA were investigated using
RCA from four different sources. A Reference concrete corresponding to mixture used
for rigid pavement construction was evaluated. The concrete was produced with either
binary or ternary cements with 0.40 or 037 w/cm. Mechanical properties, drying
shrinkage, and cracking potential due to restrained shrinkage were investigated.

8.2. EXPERIMENTAL PROGRAM
8.2.1. Material Properties. Two binder systems including a binary cement

containing Type I/1l Portland cement and 25% (by mass) FA-C and a ternary system with
35% FA-C and 15% ground granulated blast furnace slag (GGBS) were incorporated.
The ternary binder was optimized based on enhanced mechanical properties and reduced
drying shrinkage of concrete equivalent mortar made with w/cm of 0.40 as discussed in
previous sections. Crushed dolomite with a nominal maximum size of 19 mm was used
for the virgin aggregate. Well-graded siliceous river-bed sand with a fineness modulus of
2.47 was incorporated. Four types of coarse RCA procured from different commercial
recycling centers in states of Missouri and Kansas were employed. Table 8.1 presents the
physical properties of the fine and coarse aggregates. A lignum-based water reducing
admixture (WRA) with specific gravity of 1.2 and 40% solid content and an air-
entraining admixture (AEA) were incorporated to secure required fresh properties.
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Table 8.1 Aggregate properties

Aggregate  Source/Type Specific ~ Absorption  Los Angles NMAS

gravity (%) abrasion (%) (mm)
Virgin Dolomite 273 0.80 28 19
Coarse
Fine River-bed sand 2.63 0.40 - 4
RCA 1 Airfield, Missouri 2.35 4.46 33 19
RCA 2 Waste concrete, MO 2.21 7.13 53 12.5
RCA 3 Waste concrete, KS 2.24 6.05 38 19
RCA 4 Waste concrete, MO 2.25 5.75 39 19

8.2.2. Mixture Proportions. All investigated mixtures were proportioned with
natural river-bed sand and a binder content of 323 kg/m?®. The binder content was kept
relatively low to reduce shrinkage. The Reference concrete was prepared using the binary
cement, a 0.40 w/cm, and virgin coarse aggregate. Four mixtures were produced with
100% RCAs procured from different sources (RCAL to RCA4). RCAL that corresponds
to recycled concrete from airfield in St. Louis, Missouri was used for the development of
three mixtures containing 50% RCA. These mixtures were proportioned with w/cm of
0.37 or 0.40 and binary or ternary binder composition. All RCAs were saturated before
mixing.

The admixture dosages were adjusted to secure an initial slump value of 125 + 25
mm and an air content of 6% + 1%, respectively. A slump value of 50 £ 15 mm is
typically recommended for slip form paving (Sadati and Khayat 2016). However, higher
values of slump were considered in this research to ensure proper consolidation of the
ring specimens. Table 8.2 summarizes the mixture proportions of the investigated
concrete. The air content in fresh state and the slump value at the end of the mixing
procedure is also included in this table. The target air contents was 6%=+1%. The target

slump value was 125£25 mm.
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Table 8.2 Proportions and fresh properties of the investigated concrete mixtures

Mixture 1D Ref. C1-50- | C1-50- | C1-50- | C1-100- | C2-100- | C3-100- | C4-100-

T37 | T40 | B40 B40 B40 B40 B40
Cement 243 162 162 243 243 243 243 243
(kg/m°)

FAC (kg/m¥) 81 113 113 81 81 81 81 81
GGBS (kg/m?) - 48 48 - - - - -
wicm 040 037 040 040 0.0 0.40 0.40 0.40
sand (kg/m?) 782 793 782 782 782 782 782 782

Virgin coarse 1459 gg 560 560 ] ] - -

(kg/m®)

RCA1(kg/m®) - 489 482 482 965 ; - -
RCA 2 (kg/m?) - ; - ; ; 907 - -
RCA 3 (kg/m?®) - ; - ; ; ; 920 -
RCA 4 (kg/m?) - ] ; ; ; ; - 923
WRA (kg/m?) 145 2.90 221 1.62 211 1.22 1.79 1.29
AEA (kg/m?) 0.08 0.06 0.06 0.04 0.04 0.07 0.05 0.08
Slump (mm) 150 100 115 115 100 135 100 115
Aircontent o g 45 7.2 5.0 7.0 6.0 5.0
(%)

ka’g‘]'/tm";’;* 0Nt 9300 2350 2360 2230 2280 2200 2230 2240

8.2.3. Specimen Preparation and Testing. A drum mixer with 110-liter
capacity was used for preparing concrete. Slump and air content were determined
according to ASTM C143 (2015) and ASTM C231 (2014), respectively. Cylindrical
specimens measuring 100x200 mm were employed for the determination of compressive
strength in accordance with ASTM C39 (2001), and for testing the modulus of elasticity
and splitting tensile strength in accordance with ASTM C469 (2010) and ASTM C496
(2011), respectively. Drying shrinkage was monitored using 75%75%285 mm prisms
according to ASTM C157 (2008).



177

The specimens were covered with wet burlap and plastic sheets up to three days,
followed by storage at 23+1°C and 50%+3% relative humidity. The companion cylinders
were demolded 24 hours after casting and cured in lime-saturated water of 21+£1°C for
two days. By the end of the curing period, specimens were transported to the
environmental chamber conditioned at 23+1°C and 50%+3% relative humidity up to the
testing age.

Restrained shrinkage cracking was evaluated using ring-type specimens
complying with ASTM C1581 (2016). The test consists of casting concrete in the annular
space between two concentric cylinders to form a shell element. An inner rigid steel ring
of a uniform thickness of 12.5 mm with an inside diameter of 300 mm and height of 150
mm was used. Ring specimens were cast in three layers. The consolidation process
consisted of rodding each layer for 75 times, followed by vibration on a vibrating table
and tapping on the sides. Two concrete rings were prepared for each concrete type. Rings
were demolded 24 hours after casting and subjected to two days of curing under wet
burlap and plastic sheets. A layer of aluminum adhesive tape was employed to seal the
top section of the rings to ensure drying from the ring circumference only.

A data acquisition system was incorporated to monitor the strain development in
the steel ring due to restrained shrinkage of the concrete. Data logging started
immediately after casting, with a frequency of 20 minutes up to cracking time. Figure 8.1

presents a schematic view of a diagonal section of the ring setup.
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Figure 8.1 Schematic view and dimensions of the ring test setup
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8.3. RESULTS AND DISCUSSION
8.3.1. Hardened Properties. Figure 8.2 presents the compressive strength

results of the investigated concrete mixtures. Comparable compressive strength at the
initiation of drying of 3 days, ranging from 26.4 to 28.0 MPa was observed for the
Reference concrete and the mixtures prepared with binary cement and 50% or 100%
RCA. The 3-day compressive strengths of the mixtures with ternary binder with 50%
SCM dropped to 18.7 and 19.7 MPa. The mixtures proportioned with 50% SCM and 50%
RCA exhibited 28-day compressive strength values of 50.7 and 51.6 MPa, compared to
44.5 MPa for the Reference concrete, with the rest of values ranging from 35.4 to 47.1
MPa. For the 56-day results, mixtures cast with 50% RCA and ternary cement developed
compressive strength of 50.3 and 51.6 MPa, which was up to 9% higher than that of the
Reference concrete with 47.3 MPa. The mixtures proportioned with 100% RCA exhibited
compressive strength ranging from 39.5 (C2-100-B40) to 44.5 MPa (C4-100-B40),

indicating up to 16% reduction compared to the Reference concrete at 56 days.

m 3-day m 7-day E28-day B56-day

Compressive strength (MPa)

Figure 8.2 Compressive strength measurements
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Figure 8.3 presents the MOE results. The Reference mixture exhibited the highest
values of MOE at all investigated ages. A drop in 3-day MOE of up to 10% and 19% was
observed due to 50% and 100% RCA incorporation, respectively. Trends were similar at
7 days, with highest MOE of 37.6 GPa obtained for the Reference concrete, compared to
values ranging from 32.9 to 33.8, and 27.8 to 30.3 GPa for the mixtures with 50% and
100% RCA, respectively. At 28 days, the Reference concrete had a MOE of 41.0 GPa,
followed by 36.9 GPa for the ones cast with 50% RCA and ternary cement. No
significant increase in MOE of the mixtures cast with binary system and RCA was
observed at 28 days. Trends were similar at 56 days, indicating reduction in MOE with
use of RCA. The mixtures prepared with 50% RCA had MOE of 38+1 GPa compared to
42.8 GPa for the Reference concrete. Reduction in MOE was more pronounced with
100% RCA replacement, were the 56-day MOE ranged from 31.2 to 32.8 GPa.

Regression analysis was conducted to present the variations in MOE as a function
of time. A logarithmic model introduced in Equation (8-1) was employed with the
regression results summarized in Table 8.3. Good correlations were obtained with R?
values ranging between 0.96 and 0.99.

MOE = a X In(t) +5b (8-1)

where t was age of test (day) and a and b were the regression coefficients.

Figure 8.4 presents the variations in drying shrinkage of the investigated mixtures.
In general, higher early-age shrinkage of 26 pe/day was observed for the first 14 days for
the 100% RCA mixtures. A similar rate of 20 pe/day was obtained for the Reference
concrete and for mixtures with 50% RCA. Most of the shrinkage occurred during the first
28 days of drying, with values tending to stabilize at about 400-450 pe for the Reference
and 50% RCA mixtures, and in the range of 650-750 pe for mixtures with 100% RCA.
The 28-day shrinkage of the C1-50-B40 was 375 ug, compared to 385 and 500 pe for the
Reference and the C1-100-B40 mixtures, respectively. The incorporation of the ternary
system with 50% SCM was effective in reducing the shrinkage at later ages, where the
28-day shrinkage was reduced from 385 for the Reference concrete to 360 and 340 pe for
the C1-50-T40 and C1-50-T37 mixtures, respectively. The minimum 56-day shrinkage

was observed for the mixtures cast with ternary cement, with 330 and 370 pe at 0.37 and
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0.40 w/cm, respectively. The mixture cast with 50% RCA and binary cement exhibited
similar 56-day shrinkage to that of the Reference concrete. Significantly higher 56-day
shrinkage was observed the mixtures cast with 100% RCA, with values ranging from 585

to 620 pe, corresponding to 39% to 48% increase compared to the Reference concrete.

50 -
40

30

Modulus of elasticity (GPa)

10

Figure 8.3 Modulus of elasticity measurements

Table 8.3 Variations in drying shrinkage and modulus of elasticity as a function of time

C1-50- | C1-50- | C1-50- | C1-100- | C2-100- | C3-100- | C4-100-

Mixture D Ref. | “rq; T40 B40 B40 B40 B40 B40

a 333 323 2.75 0.46 0.69 1.70 0.18 1.54
MOE

b 2085 2614 2801 3193  28.87 24.49 28.08  25.76
(GPa)

R2 0.96 0.99 0.99 0.99 0.96 0.99 0.99 0.99
Drying k -705 -653  -70.5  -69.9 873 99.0 956 -90.6
shrinkage

(ne) R?2 0.97 097 0.98 0.98 0.97 0.98 0.98 0.97
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Regression analysis was conducted to present the variations in drying shrinkage
as a function of the square root of the drying time, as presented in Equation (8-2).
Regression results are presented in Table 8.3. Good correlations were obtained with R?
values ranging between 0.97 and 0.99.

—

Eg =k ¥4t (8-2)

where esn was the drying shrinkage (ue), t was the time from initiation of drying (day),
and k was the regression coefficient.
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Figure 8.4 Variations in drying shrinkage after three days of curing

8.3.2. Cracking Potential. Figure 8.5 presents the variations of net strain in the
steel ring, with drying time. Compressive strain development in the steel ring was
monitored up to the time of an abrupt jump in compressive strain values, corresponding
to cracking of concrete shell (ASTM C1581 2016). In general, it was observed that
mixtures cast with 100% RCA exerted higher strain compared to the Reference concrete.
The C1-50-B40 mixture had steel strain similar to that of the Reference concrete up to 14
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days, with an increase limited to 5 pe up to 28 days. The mixtures proportioned with 50%
RCA and ternary cement developed the minimum steel strain values of up to 21 days,
while exhibiting slight increase with about 5 pe higher than that of the Reference
concrete afterwards. Same steel strain values were observed for the mixtures with ternary
cement, regardless of the w/cm, which was in agreement with drying shrinkage results
obtained for these mixtures. For the mixtures cast with 100% RCA, the values of strain in
steel ring were up to 10 pe higher than that of the Reference concrete at 9 to 11 days,

corresponding to 15%-17% increase at the time of cracking.
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Figure 8.5 Variations in steel ring strain recorded from the drying initiation

Equation (8-3) (Hwang and Khayat 2008) was incorporated to quantify the
cracking potential during the first 35 days from the initiation of drying, based on their
cracking time. Table 8.4 offers a summary of results. A 35-day cracking potential of 0
can be attributed to the Reference mixture, and those cast with 50% RCA, given the fact
that these mixtures did not exhibit any cracking before 35 days (Hwang and Khayat
2008). The incorporation of 100% RCA on the other hand increased the cracking
potential by up to 74%.
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t F
Cracking patential (%)= (1 T ) ¥ 100 (8-3)

CT LY

where the tcr is the time to cracking for the investigated mixtures (day) and termax is the
maximum observed time to cracking, capped at 35 days in here.

The rate of strain development in steel ring was plotted as a function of the square
root of time (day), as recommended by (ASTM C1581 2016), which leads to a linear
trend. The slope of such linear variations (), i.e. the strain rate factors (mm/day®®), were
determined. The average strain rate factors (oavg) oObtained for each ring (2 to 3 sensors
per ring) were incorporated for calculating the stress rate (MPa/day) using Equation (8-4)
(ASTM C1581 2016). Table 8.4 offers a summary of the test results.

_6lag,|

R =

(8-4)

where aayg is the average strain rate factor (mm/day®®), t, is the time to cracking (day),
and G was a factor reflecting the sample geometry and is equal to 72.2 GPa.

Table 8.4 Tensile properties and time to cracking of concrete mixtures

Mixture ID Ref. C1-50- | C1-50- | C1-50- | C1-100- | C2-100- | C3-100- | C4-100-

T37 T40 B40 B40 B40 B40 B40
28-day splitting

tensile strength ~ 2.96  3.47 3.17 2.79 2.35 222 2.83 2.26
(MPa)

Timetocrack o ap >35 >35 9.75 9.00 10.50 11.00
(day)

28-day stress rate

(MPalday) 010 012  0.12 0.12 0.28 0.34 0.26 0.25
28-day cracking 5 0 0 72 74 70 69

potential (%)

The Reference mixture did not exhibit cracking within the investigation period of
35 days and developed an average stress rate of 0.10 MPa/day after 28 days of drying.
This concrete is corresponding to “low” risk of cracking. No cracking was observed in
the case of the mixtures proportioned with 50% RCA and ternary system. This was
expected based on the laboratory data, where up to 45 pe reduction in shrinkage, up to
6% and 10% decrease in 3- and 28-day MOE, and up to 40% higher 28-day splitting
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tensile strength values were observed compared to the Reference concrete. No cracking
was observed in the case of the C1-50-B40 mixture, proportioned with 50% RCA, binary
system, and w/cm of 0.40. Comparable shrinkage to that of the Reference concrete,
higher splitting tensile strength of 2.79 vs. 2.46 MPa at 28 days, and reduction in MOE
could be the reason for the resistance to cracking in this mixture. In summary all mixtures
cast with 50% RCA exhibited low potential of cracking due to shrinkage in restrained
conditions, suggesting the feasibility of use in rigid pavement construction. The
incorporation of 100% RCA reduced the time to cracking to values ranging from 9.0 to
11 days, with stress rates of 0.25 to 0.34 MPa/day for the C2-100-B40, C3-100-B40, and
C4-100-B40 mixtures. These mixtures exhibited “moderate-high” risk of cracking, as
indicated by (ASTM C1581 2016).

Equation (8-5) (Hwang and Khayat 2008) was employed to calculate the degree
of restraint of the investigated ring specimens, defined as the stiffness of the steel ring,
relative to the overall stiffness of the ring and concrete setup. Results are presented in

Figure 8.6.

= TER ek -y Ea
LS (8-5)

iy

where esh is the drying shrinkage, and et is the elastic compressive strain of the steel ring.

Higher degree of restrain was observed in the case of mixtures proportioned with
100% RCA, while compared to the Reference concrete. Concrete proportioned with 50%
RCA developed higher degree of restraint up to 17 days, corresponding to the lower
strain in the steel ring compared to the Reference concrete. Trend changed after 17 days,
where a higher degree of restrain was observed for the Reference concrete, coinciding
with the lower steel strain reported in Figure 8.5.

8.3.3. Tensile Creep Behavior. The drying shrinkage in a restrained condition is
balanced with a combination of elastic concrete strain, tensile creep strain, and elastic

contraction strain of the steel ring, as summarized in Equation (8-6) (See et al. 2003).

gt = gt} + e, (8} + =, () (8-6)

where ee(t) is the elastic concrete strain and ecp(t)is the tensile creep strain at time t.
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Figure 8.6 Variations of degree of restraint of tested mixtures

Balancing the radial pressure between the steel ring and concrete shell at time t
results in Equation (8-7) for calculation of the average tensile stress in the concrete (See

et al. 2003), from which the elastic concrete strain can be calculated, as follows:

o (t) = ﬁiﬁ-:fﬁ (8-7)
- r t
el — ;—Eé (8-8)

where Es is the modulus of elasticity of the steel (200 GPa), E. is the concrete modulus
of elasticity, hst and hc are the thicknesses of the steel ring and the concrete, equal to 12.5
and 37.5 mm, respectively, and ric and ris are the inner radii of the steel ring and the
concrete shell, equal to 162.5 and 150 mm, respectively.

The tensile creep coefficient at time t, C(t), can be expressed as the ratio of the
creep strain to elastic concrete strain as summarized in Equation (8-9). Having the tensile
strain in concrete calculated using Equations (8-7) and (8-8), Equation (8-9) can be re-
written as a function of the specimen geometry and measured properties, i.e. Ec, esh , and
est @S summarized in Equation (8-10) (Hwang and Khayat 2008, 2010).
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Figure 8.7 and Figure 8.8 present the variations in elastic concrete strain and
tensile creep strain, initiating from the start of drying. The Reference concrete exhibited
the minimum values of elastic concrete strain, while the maximum values were obtained
for the C2-100-B40 mixture, up to the time of cracking. An increasing trend in elastic
concrete strain of up to 140 pe was observed for the Reference mixture, up to 21 days of
drying, where the strain in steel ring was stabilized as presented in Figure 8.5. Elastic
concrete strain was increasing as a function of time for the 50% RCA mixtures, capped at
200 pe for up to 35 day measurements. Such an increasing trend was also observed in the
case of the mixtures with 100% RCA, with values ranging from 110 to 170 pe at the time
of cracking.

The tensile creep strain was increasing for the Reference concrete up to 35 days,
with maximum value of 200 pe. The same trend was observed for the 100% RCA
mixture up to the time of cracking. The increase in tensile creep strain up to 35 days was
also observed for the mixtures with 50% RCA, with a maximum value of 230 pe for C1-
50-T40 mixture.

Table 8.5 presents the variations in tensile creep coefficient as a function of
elapsed time since the initiation of drying. In general, an increase in tensile creep
coefficient of the Reference concrete was recorded over time, which is in agreement with
the resistance to cracking observed for this mixture. A tendency to increase in tensile
creep coefficient of the mixtures cast with 100% RCA replacement was observed up to
the time of cracking.

The tensile creep coefficient of the 100% RCA mixtures at the time of cracking
were higher than that of the Reference concrete at the same age. The tensile creep
coefficient at the time of cracking was 0.34, 0.38, 0.78, and 0.68 for the C1-100-B40, C2-
100-B40, C3-100-B40, and C4-100-B40 mixtures, respectively, compared to values

ranging from 0.34 to 0.36 for the Reference concrete at the same period of time, i.e. 9 to
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11 days. This is believed to be mainly due to the lower elastic modulus and higher
relaxation capacity of mixtures incorporating RCA. However, the reduced tensile
properties of concrete due to the availability of non-homogenous zones of weakness in
concrete attributed to the availability of deleterious materials and micro-cracks in RCA,

can be a reason for crack initiation of concrete made with 100% RCA.

250

%,_ Ref.

.é — - -CI-50-T37

; — —CI1-50-T40

é - = CI-50-B40

§ - ==CI1-100-B40

E ----- C2-100-B40

= — -+ C3-100-B40
......... C4-100-B40

0 1 T T T
0 7 14 21 28 35

Elapsed drying time (day)

Figure 8.7 Variations in elastic concrete strain

The same observation can be drawn for the C1-100-B40, C2-100-B40, and C3-
100-B40 mixtures. The increasing trend of tensile creep coefficient from 0.34 to 0.38 and
0.78, did not necessarily lead to increase in time to cracking with values of 9.75, 9.0 and
10.5 days, which is contrary to what normally expected (Monteiro 2006, Shah and Weiss
2006, Weiss and Shah 2002, Loser and Leemann 2009). This is also in line with observed
values of splitting tensile strength where the 28-day splitting tensile strength was 2.35,
2.22, and 2.83 MPa at 28 days for the C1-100-B40, C2-100-B40, and C3-100-B40
mixtures, respectively, compared to 2.96 MPa for the Reference concrete. In general, it
may be concluded that even though the mixtures with RCA can exhibit higher stress

relaxation, the susceptibility to cracking may be increased if proper measures to reducing
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shrinkage were not taken. This is in line with the “moderate-high” risk of cracking of the
100% RCA mixtures and “low” risk of cracking for the mixtures cast with 50% RCA,

where reduced w/cm and higher content of SCM were helpful in reducing shrinkage and

cracking.
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Figure 8.8 Variations in tensile creep strain
Table 8.5 Variations in tensile creep coefficient
(TO:Q;‘; Ref. |C1-50-T37|C1-50-T40|C1-50-B40(C1-100-B40|C2-100-B40|C3-100-B40|C4-100-B40
5 050 062 0.63 0.42 0.47 0.37 0.53 0.55
7 038 043 0.50 0.29 0.40 0.39 0.47 0.49
9 034 034 0.44 0.23 0.36 0.38* 0.58 0.51
10 035 031 0.43 0.22 0.34* - 0.70 0.56
11 036 029 0.43 0.22 - - 0.78* 0.68*
21 080 042 0.58 0.40 - - - -
28 123 070 0.84 0.67 - - - -
35 149  1.08 1.21 1.09 - - - -

*Time of cracking
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REMARKS
Based on the data reported in this paper, the following conclusions are warranted:

The incorporation of 50% and 100% RCA reduced the MOE by up to 10% and
20%, respectively. Drying shrinkage of mixtures with 100% RCA increased by up
to 150 and 200 pe after 28 and 56 days of drying, respectively, which corresponds
to approximately 40% and 50% increase compared to the Reference concrete
made without any RCA.

In the restrained ring test, no cracking was observed in the case of the Reference
mixture up to 35 days of drying, with stress rate limited to 0.10 MPa/day. No
cracking up to 35 days of drying was observed for the mixtures with 50% RCA,
which is considered as “low” potential for cracking. On the other hand, the
incorporation of 100% RCA reduced the time of cracking to values ranging from
9 to 11 days, with stress rates ranging from 0.25 to 0.34, which correspond to
“medium-high” risk of cracking.

A greater RCA content can increase strain development in the steel ring. The
minimum values of elastic concrete strain were observed in the case of the
Reference concrete. The increase in RCA content enhanced the development of
elastic strain in concrete, with the highest values observed for the mixture that
developed the highest drying shrinkage.

Concrete mixtures cast with 100% RCA developed higher tensile creep
coefficient. Such values of ranged from 0.34 to 0.78 at the time of cracking
compared to 0.34 to 0.36 for the Reference concrete, and 0.23 to 0.43 for the
concrete with 50% RCA. This is believed to be due to higher stress relaxation, i.e.
lower MOE.

Even though the tensile creep coefficient and stress relaxation were higher in
concrete made with 100% RCA, the significantly higher shrinkage and reduction

in tensile strength of up to 25% led to earlier time to cracking of such mixtures.
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9. DURABILITY OF CONCRETE MADE WITH RECYCLED
AGGREGTAE

9.1. RESEARCH SIGNIFICANCE
Concrete durability can affect the maintenance cost and service life of

transportation infrastructure significantly. The degradation mechanisms are typically tied
to the environmental conditions and exposure situation, including the variations in
seasonal temperature and relative humidity, availability of deleterious materials and ions,
etc. Frost action, scaling caused by de-icing salts, ionic attacks, and surface damage
caused by abrasion are some of the mechanisms that can result in deterioration of
different segments of transportation infrastructure, including structural elements and
pavement panels. Situations are more complicated while using recycled concrete
aggregate (RCA) in concrete production. Typically marginal quality of the RCAs,
sourced in residual mortar phase of the particles and the availability of impurities and
deleterious materials, can cause uncertainties regarding the durability of concrete
(NCHRP 2013).

Lower concrete quality, which can be reflected in greater porosity and water
absorption, facilitates the saturation of the exposed surfaces. The water available in
saturated concrete will freeze and expand in subzero environments, exerting internal
pressure to the matrix that can result in cracking and degradation of concrete. Moreover,
a higher porosity can result in increased rate of ion transport and greater risk of damage
in aggressive environments, leading to accelerated accumulation of deteriorating agents
in concrete and occurrence of chemical attacks.

It is a generally accepted fact that providing the minimum strength requirements
along with securing proper air entrainment in concrete can yield to dependable durability
against frost action. An efficient air entrainment requires adequate amount (% vol.) of air
in fresh and hardened state and proper characteristics of the air void system in terms of

spacing factor () and specific surface (=), with recommended values of L < 8.2 mum and
a =24 mm® fmm? (ASTM C457 2016).

Rapid chloride ion permeability (RCP), water absorption, and electrical resistivity

are typically considered as indicators of transport properties of concrete. Such tests are of
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great interest especially in the case of reinforced concrete elements, including the
structural elements and substructure members, as well as reinforced concrete pavement.

The present research investigates the effect of RCA incorporation on durability of
concrete designated for transportation infrastructure. Six types of coarse RCA, and a
source of fine RCA were used in the study. Two binder systems and three w/cm of 0.37,
0.40, and 0.45 were considered. Effect of RCA on concrete durability was investigated in
terms of freeze and thaw resistance, resistance to scaling caused by de-icing salts,
electrical resistivity, sorptivity, abrasion resistance, and coefficient of thermal expansion
(CTE).

9.2. EXPERIMENTAL PROGRAM
9.2.1. Material Properties. The investigated concrete mixtures were

proportioned with either a binary or a ternary cement. The former included 75% Type /11
Portland cement and 25% Class C fly ash (FA-C), by mass of total binder. The ternary
system contained 35% FA-C and 15% ground granulated blast furnace slag (GGBS), by
mass. The binary cement is similar to the concrete employed by the Missouri Department
of Transportation (MoDOT) for rigid pavement construction (Sadati and Khayat, 2016).
The ternary system was optimized to enhance the mechanical properties and reduce
shrinkage of concrete equivalent mortar with 0.40 w/cm (Khayat and Sadati, 2016).

Two types of crushed dolomite with nominal maximum aggregate size (NMAS)
of 19 mm were used. Different types of coarse RCA procured from six different sources,
including five commercial recycling centers and one laboratory-produced RCA were
considered.

The aggregate soundness test introduced by ASTM C88 was modified as
proposed by Abbas et al. (2007) to determine the resistance of coarse RCA materials
against freeze-thaw cycles. The method involved: (1) obtaining a representative sample
of different size portions of RCA as suggested by Abbas et al. (2007); (2) washing the
aggregate with tap water, drying in oven set at 110+5 °C until constant mass; (3)
aggregates were immersed in saturated solution of Sodium Sulfate; (4) samples were
exposed to seven daily cycles of freezing and thawing with temperature range similar to
requirements of ASTM C 672 (2012) test on de-icing salt scaling; (5) by the end of the
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freeze-thaw cycles, the aggregates were washed using tap water, oven dried, and sieved
on 4.75 mm mesh; (6) percentage mass loss was calculated for each size fraction and
determined for each aggregate type based on aggregate particle size distribution.

Well-graded siliceous river-bed sand with fineness modulus of 2.47 was used. In
addition, a fine RCA with fineness modulus of 2.47 was used. All RCA materials were in
saturated state before mixing. Table 9.1 presents the physical properties of the fine and
coarse aggregates.

A lignum-based water reducing admixture (WRA) with specific gravity of 1.2 and
40% solid content was used. An air-entraining admixture (AEA) was incorporated in all
mixtures to secure 6%+1% air content.

9.2.2. Concrete Mixture Proportions. In total, 33 different concrete mixtures
were produced in the laboratory. Three w/cm of 0.37, 0.40, and 0.45 were considered in
designing these mixtures. Table 9.2 and Table 9.3 summarize the mixture proportioning
of the investigated concrete. Air entraining agent was used to secure 6%+1% air in fresh
state. Water-reducing admixture was incorporated to adjust the slump values of 5025,
1504£50 mm for pavement and substructure applications, respectively. All mixtures were
prepared with 323 kg/m?® of binder, except for the ones made with 0.45 w/cm, where 317
kg/m® of cementitious materials was used. The binder consists of a binary cement with
25% FA-C and a ternary system with 35% FA-C and 15% GGBS, A coding system was
adapted to label different concrete mixtures indicating the RCA type and content, binder
type, and w/cm. For instance, the “RCA1-50-B-40" mixture was proportioned with 50%
(by vol.) of RCA1, using binary cement (B), and w/cm of 0.40. The “RCA2-30-T-37-
15F” refers to the concrete with 30% of RCA2, ternary cement, 0.37 w/cm, and 15% fine
RCA. Details regarding the mixture proportions and properties are provided in (Khayat
and Sadati 2016, Volz et al. 2014).



Table 9.1 Virgin aggregate and RCA properties

Aggregate Source Specific Absorption D_eleterious Soundness Los Angeles NMAS
gravity (%) materials (% mass)  mass loss (%)  abrasion (%)  (mm)
NC1 Dolomite 1 2.73 0.80 - - 28 19
NC2 Dolomite 2 2.72 0.98 - - 43 19
Sand River-bed sand 2.63 0.40 - - - 4
Fine RCA Residual concrete, airfield 211 7.33 - - - 4
RCA1 Laboratory produced RCA 2.35 4.56 0.3 21 41 19
RCA?2 Residual concrete, airfield 2.35 4.46 4.0 19 33 19
RCA 3 Commercial recycling, Missouri 2.25 5.75 4.5 36 39 19
RCA 4 Commercial recycling, Kansas 2.24 6.05 2.2 17 38 19
RCA5 Commercial recycling, Missouri 217 7.58 1.3 23 44 19
RCA 6 Commercial recycling, Missouri 2.21 7.13 1.9 40 53 12.5

€67



Table 9.2 Mixture proportions and fresh properties of concrete made with RCA1, and RCA3-6

OPC GGBS

FA-C

Water

DOL

RCA

Sand

Mix. Binder wiem RCA Air  Slump
(kg/md) (% mass) (kg/m?) (% vol.) (%)  (mm)
DOL1-B-40 323 75 - 25 0.40 129 1120 0 782 0 6.2 85
DOL1-T-37 323 50 15 35 0.37 120 1136 0 793 0 7.2 65
DOI1-T-40 323 50 15 35 0.40 129 1120 0 782 0 5.0 85
DOL2-B-45 317 75 - 25 0.45 143 1089 0 772 0 7.2 150
RCA1-30-B-45 317 75 - 25 0.45 143 762 282 772 30 7.2 175
RCA1-50-B-45 317 75 - 25 0.45 143 544 469 772 50 6.6 135
RCA1-70-B-45 317 75 - 25 0.45 143 326 657 772 70 5.6 200
RCA1-100-B-45 317 75 - 25 0.45 143 0 939 772 100 5.4 210
RCA1-50-B-40 323 75 - 25 0.40 129 560 482 782 50 5.8 70
RCA1-50-T-37 323 50 15 35 0.37 120 568 488 793 50 6.8 65
RCA3-50-B-40 323 75 - 25 0.40 129 560 462 782 50 5.2 65
RCA3-50-T-37 323 50 15 35 0.37 120 568 466 793 50 5.4 70
RCA4-50-B-40 323 75 - 25 0.40 129 560 460 782 50 51 65
RCA4-50-T-37 323 50 15 35 0.37 120 568 466 793 50 5.6 35
RCA5-50-B-40 323 75 - 25 0.40 129 560 446 782 50 6.0 80
RCA5-50-T-37 323 50 15 35 0.37 120 568 451 793 50 5.2 50
RCA6-50-B-40 323 75 - 25 0.40 129 560 453 782 50 6.8 75
RCA6-50-T-37 323 50 15 35 0.37 120 568 460 793 50 6.0 50

v6T



Table 9.3 Mixture proportions and fresh properties of concrete made with coarse RCA2 with or without fine RCA

OPC GGBS FA-C

Water

DOL

C-RCA Sand

F-RCA

C-RCA F-RCA

Mix. Binder wilem Air  Slump
(kg/m?) (% mass) (kg/m?3) (% vol.) (%)  (mm)
RCA2-30-T-37 323 50 15 35 037 120 795 293 793 0 30 0 68 85
RCA2-30-T-40 323 50 15 35 040 129 784 290 782 0 30 0 50 75
RCA2-50-B-40 323 75 - 25 040 129 560 482 782 0 50 0 72 115
RCA2-50-T-37 323 50 15 35 037 120 568 489 793 0 50 0 70 85
RCA2-50-T-40 323 50 15 35 040 129 560 482 782 0 50 0 54 50
RCA2-70-T-37 323 50 15 35 037 120 341 685 793 0 70 0 55 75
RCA2-70-T-40 323 50 15 35 040 129 336 675 782 0 70 0 69 85
RCA2-30-T-37-15F 323 50 15 35 037 120 795 293 674 96 30 15 50 85
RCA2-30-T-40-15F 323 50 15 35 040 129 784 290 665 94 30 15 50 40
RCA2-50-T-37-15F 323 50 15 35 037 120 568 489 674 96 50 15 68 85
RCA2-50-T-40-15F 323 50 15 35 040 129 560 482 665 94 50 15 56 65
RCA2-50-T-40-30F 323 50 15 35 040 129 560 482 548 188 50 30 50 85
RCA2-50-T-40-40F 323 50 15 35 040 129 560 482 469 250 50 40 50 50
RCA2-70-T-40-15F 323 50 15 35 040 129 336 675 665 94 70 15 54 50
RCA2-70-T-40-30F 323 50 15 35 040 129 336 675 548 188 70 30 52 25

G6T
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9.2.3. Specimen Preparation and Testing. A 110-liter drum mixer was used.
The batching sequence consisted of: (1) mixing the aggregate and one third of the water
at low speed for 3 min to ensure homogenized distribution and saturation of the particles;
(2) introducing the AEA diluted in one third of the mixing water and agitation at high
speed for 1 min; (3) introducing the cementitious materials and mixing for 1 min at high
speed; (4) adding the WRA diluted with the rest of the water and mixing for 2 min at high
speed. After 2 min of rest, the mixing was resumed for 3 min at high speed.

Slump and air content were determined according to ASTM C143 (2015) and
ASTM C231 (2014), respectively. A vibrating table was used to ensure proper
consolidation of the specimens. All specimens were covered with wet burlap and plastic
sheet up to 24 hours after casting. Prismatic samples measuring 75x100x400 mm were
used to determine the freeze and thaw durability of concrete according to ASTM C666-A
(2015). The specimens were cured in lime-saturated water of 21+2 °C. In the case of the
mixtures cast with ternary cement, curing period was eight weeks before the start of the
freezing and thawing cycles. The rest of the freeze and thaw specimens were cured for 28
days. Durability factor was monitored based on variations in ultrasonic pulse velocity as a

function of freeze/thaw cycles as demonstrated in Equation (9-1):

DF = (l-r"fr;. j; (9-1)
where is Vn the ultrasonic pulse velocity after n cycles of freeze and thaw capped at 300
cycles, Vo is the pulse velocity before starting the test cycles.

An automated image analysis system was employed to determine the air void
parameters of hardened concrete, including spacing factor and specific surface.
Measurements were conducted in accordance with linear-traverse method, described in
ASTM C457 (2016). Black coloring and white Barium sulfate power were used for
enhancing the contrast of the polished concrete surfaces.

The resistance to de-icing salt scaling was determined in accordance with ASTM
C672 (2012). Slabs with surface areas of 200x225 mm and thicknesses of 75 mm were
used. A dike was placed on the finished surface of the specimens for ponding with a 4.0%
aqueous solution of Calcium Chloride. The specimens were subjected to 50 daily cycles

of freezing and thawing. The curing regime included 28 days of curing in lime-saturated
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water, followed by 14 days of drying in an environmental chamber conditioned at 23+1
°C and 50%=3% relative humidity. The degree of surface deterioration was rated
qualitatively on a scale of 0 to 5, representing the best and the lowest performances,
respectively, based on the criteria suggested by ASTM C672 (2012). In addition, mass
loss due to scaling was recorded as a function of test cycles and reported as a quantitative
measure (g/m?) of scaling resistance.

Bulk electrical resistivity was determined on 100x200 mm cylindrical specimens
as detailed in ASTM C 1760 (2012). The specimens were cured in lime-saturated water
up to the time of testing. Sorptivity measurement was conducted on two 50-mm thick
slices of concrete, obtained from mid-height of 100x200 mm cylinders in accordance
with ASTM C 1585 (2013). The cylinders were cured in lime-saturated water for 56 days.
The extracted discs were then cured in an environmental chamber with temperature of
50£2°C and relative humidity of 80+3% for 3 days. This was followed by storage in
sealed containers for 15 days to ensure uniform internal moisture distribution. Specimens
were then sealed on the sides, and the top surface and placed in a container with the free
surface of the samples exposed to tap water of 23+2°C. Variation in mass of the
specimens due to water absorption was monitored over time.

Cylindrical specimens measuring 150 mm in diameter were employed for
determining the abrasion resistance after 56 days of curing. Testing was conducted in
accordance with ASTM C944 with a rotating cutter covering an area with 82.5 mm
diameter under fixed pressure of 197 N. The value of mass loss normalized to the abraded

area was reported.

9.3. RESULTS AND DISCUSSION

9.3.1. Durability against Freeze and Thaw Cycles.

9.3.1.1 Mixtures cast without any RCA. Table 9.4 presents the variations in
durability factor of the investigated concrete. The DOL1-B-40 mixture made with 25%
FA-C, dolomitic aggregate, and 0.40 w/cm exhibited the highest durability factor of 96%.
The use of ternary cement with 50% SCM slightly reduced the durability factor; a
marginal decrease to 94% and 93% for the concrete with w/cm of 0.37 and 0.40,

respectively, was observed. The increase in w/cm from 0.40 to 0.45 had a more
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pronounced effect on durability to freezing and thawing. A drop in durability factor from
96% to 86% was observed for the DOL2-B-45 concrete, where the w/cm increased from
0.40 to 0.45.

Table 9.4 Frost durability of the investigated mixtures

Freeze-Thaw De-Icing Salt Scaling
Mixture T
Durability . 9
Factor (%) Rating Mass Loss (g/m?)
DOL1-B-40 96 1 100
[<5]
S S DOL2-B-45 86 1 -
290
> 3 DOL1-T-37 94 1 415
@
DOL1-T-40 93 3 730
RCA1-30-B-45 83 2 -
RCA1-50-B-45 83 2 -
RCAL1-70-B-45 83 2 -
RCA1-100-B-45 79 4 -
« RCAL-50-T-37 91 2 310
£  RCA2-30-T-37 97 3 640
[«5]
% RCA2-30-T-40 91 3 870
©  RCA2-50-T-37 92 3 700
RCA2-70-T-37 96 3 450
RCA3-50-T-37 86 3 760
RCA4-50-T-37 89 1 430
RCA5-50-T-37 89 1 400
S RCA2-30-T-37-15F 96 3 1070
82«
o & O RCA2-30-T-40-15F 95 3 1200
S g8
L RCA2-50-T-37-15F 96 3 800

9.3.1.2 Effect of coarse RCA content. Figure 9.1 summarizes the test results
obtained for mixtures prepared with different contents of coarse RCA. The first set of the
mixtures was proportioned with up to 100% of RCAL, a binary cement, and 0.45 w/cm.

The second group was prepared up to 70% of RCAZ2, a ternary cement, and 0.37 /cm.



199

Comparable durability factor was observed for concrete prepared with 0 to 100% of
RCAL in mixtures with 0.45 w/cm and binary cement. The reduction in durability factor
was limited to 3%, i.e. decrease from 86% to 83%, with up to 70% RCAI replacement,
while the full replacement of RCA1 reduced the durability factor to 79%. The air void
system of concrete made with up to 100% RCA1 and 0.45 w/cm was investigated.
Results are summarized in Table 9.5 for both cases of the voids with chord length of

lower than 1.0 or lower than 0.5 mm.

Table 9.5 Air void properties of concrete made with 0 to 100% of RCA1

. DOL1-B- RCA1-30-B- RCA1-50-B- RCA1-70-B- RCA1-100-B-
Mixture

45 45 45 45 45
Fresh air (%) 7.2 7.2 6.6 5.6 5.4
o Air(%) 4.3 6.8 6.3 6.5 8.6
f,_ L (mm) 0.17 0.09 0.10 0.12 0.08
v a (mm- 29.1 38.2 37.2 30.1 375
e AIr (%) 6.3 8.8 9.6 9.4 11.2
SEa L (mm) 0.17 0.09 0.08 0.11 0.07
Vooa (mm 21.9 30.75 31.1 22.5 30.0

Results indicated excellent air void properties for the investigated concrete, with
spacing factor values lower than 0.2 mm and « of over 0.24 mm™. Even though the air
content in fresh state ranged between 5.4% and 7.2% for all concrete types, the air
content in hardened state was increasing with greater RCA content. This is believed to be
due to the availability of air voids in residual mortar phase of the RCA particles. Such a
mechanism also led to reduction in spacing factor and increase in specific surface area.
For instance ad in the case of chords smaller than 0.5 mm, the highest spacing factor of
0.17 mm was observed for DOL1-B-45 concrete made without any RCA. However, the
use of 100% RCAZI reduced the spacing factor to 0.08 mm. Similar trends were observed
when all chords smaller than 1.0 mm were investigated. A reduction in spacing factor
from 0.17 to 0.07 mm was observed as a result of 100% RCA incorporation. These

observations were in line with the theory of pressure dissipation due to the use of RCA
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from air-entrained source, proposed by Gokce et al. (2004). Given the proper air void
system of the mixtures prepared with 0 to 100% RCAZ1, reduction in durability factor of
concrete made with RCAL can be attributed to the propagation of micro-cracks already
available in residual mortar phase of RCA particles.

Concrete with RCA2 achieved excellent freeze-thaw durability. Durability factor
of 97%, 92%, and 96% was obtained for the mixtures prepared with 30%, 50%, and 70%
RCAZ2, respectively, compared to 94% for the corresponding concrete made with 100%
dolomitic aggregate.
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Figure 9.1 Effect of coarse RCA content on durability factor

9.3.1.3 Effect of coarse RCA type. Table 9.4 presents the variations in durability
factor for concrete made with ternary cement, 0.37 w/cm, and 50% of different types of
RCA. All mixtures made with 50% RCA exhibited excellent freeze-thaw resistance with
durability factor ranging from 86% to 92%. Even though the RCA4 was procured from
an area with aggregate generally known as susceptible to frost damage, the RCA4-50-T-
37 mixture exhibited an acceptable resistance to freeze and thaw cycles, with durability
factor of 89%. This was in agreement with RCA soundness test results presented in Table
9.1, where RCA4 exhibited the lowest mass loss of 17%. The durability factor of 86%
was obtained for the concrete made with RCA3. This RCA exhibited the highest
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concentration of deleterious materials (4.5%) mainly composed of masonry, and the
maximum mass loss obtained from soundness test. Based on the findings, the
incorporation of up to 50% coarse RCA can result in slight variations (limited to 2% to
8%) in durability factor of concrete proportioned with w/cm of 0.37, regardless of the
RCA source.

9.3.1.4 Concrete with fine RCA. Data obtained from testing concrete with up to
15% fine RCA are presented in Table 4. The investigated mixtures were prepared with
30% or 50% coarse RCAZ2, ternary cement, and 0.37 or 0.40 w/cm. Excellent
performance was obtained for such concrete, with durability factor ranging between 91%
and 97%. Similar results were reported by Bogas et al. (2016) who investigated the effect
of 0, 20%, 50%, and 100% fine RCA in mixtures prepared with w/c of 0.35. The author
reported durability factor ranging from 89% to 93%, with slight increase with the use of
fine RCA (Bogas et al. 2016). Results presented in Table 4 also indicate that the increase
in w/cm from 0.37 to 0.40 resulted in 1% to 6% lower durability factor for the mixtures
prepared with dolomitic aggregate, 30% coarse RCA, or a combination of 30% coarse
and 15% fine RCA.

In summary, frost durability factor results suggest that the use of 50% coarse
RCA from unknown sources, or the use of up to 70% coarse RCA obtained from air-
entrained concrete can yield in concrete with proper resistance to freeze-thaw cycles.

9.3.2. De-icing Salt Scaling.

9.3.2.1 Effect of coarse RCA content. Table 9.4 presents a summary of surface
damage ratings after 50 cycles of exposure to scaling caused by de-icing salts. Mixtures
prepared with binary cement exhibited the best resistance to scaling. For instance, DOL1-
B-40 concrete made with binary cement and 0.40 w/cm, exhibited accumulative mass
loss of 100 g/m?. The use of ternary cement with 50% SCM increased the degree of
sensitivity to scaling, leading to an increase in scaling from 100 to 730 g/m?. However,
the reduction in w/cm from 0.40 to 0.37 in such concrete enhanced the resistance to
scaling damage, with mass loss reduced from 730 to 415 g/m?.

Despite of the satisfactory durability factor values, a slight increase in scaling was

observed due to 70% RCAL replacement in concrete with binary cement and 0.45 w/cm.
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Slight to moderate scaling with damage rate of 2 was obtained for such mixtures
compared to slight scaling for the DOL2-B-45 mixtures prepared without any RCA.

The use of up to 70% RCAZ2 in concrete with ternary cement and 0.37 w/cm
increased the degree of surface damage caused by scaling. An increase from 415 to 640,
700, and 450 g/m? was observed with the use of 30%, 50%, and 70% RCAZ2, respectively,
in concrete made with ternary cement and 0.37 w/cm.

9.3.2.2 Effect of coarse RCA type. Figure 9.2 presents the variations in mass loss
due to scaling as a function of test cycles for concrete prepared with 50% of different
coarse RCA types. The mixtures prepared with 50% RCA1, RCA4, and RCAS5 exhibited
similar performance to that of the corresponding reference concrete, with accumulative
values limited to 430 g/m?. As stated earlier (Tablel), these RCA sources contained
relatively low (limited to 2.2%) deleterious materials and exhibited comparable

soundness values, ranging from 17% to 23%.
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Figure 9.2 Effect of coarse RCA type on accumulative mass loss of de-icing salt scaling
samples

The concrete made with 50% of RCA3, with the highest deleterious materials
content of 4.5% and highest soundness value of 36%, exhibited mass loss of 760 g/m?. In
general, it may be concluded that the use of 50% coarse RCA | concrete with 0.37 w/cm

resulted in acceptable resistance against de-icing salt scaling, with mass loss mainly
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limited to 500 g/m?. However, care must be taken regarding the scaling resistance of such
concrete especially in the case of the RCA with over 4% deleterious materials content or
high mass loss due to soundness test.

9.3.2.3 Effect of fine RCA. Results presented in Figure 9.3 indicate that the use
of up to 15% fine RCA can lead to greater mass loss due to de-icing salt scaling. The
incorporation of 15% fine RCA increased the scaling in mixture with 30% of RCAZ2,
ternary cement, and 0.40 w/cm from 870 to 1190 g/m?. Similar trends were observed for
the mixtures with 30% or 50% of RCAZ2, ternary cement, and 0.37 w/cm, where the use
of 15% fine RCA increased the accumulative mass loss from 640 to 1080 and from 700
to 800 g/m?, respectively. In summary it can be concluded that even though the
incorporation of up to 15% fine RCA did not have a negative impact on durability factor,

resistance to scaling can be affected by fine RCA incorporation.
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Figure 9.3 Effect of fine RCA on accumulative mass loss of de-icing salt scaling samples

9.3.3. Electrical Resistivity.

9.3.3.1 Effect of coarse RCA content. Figure 9.4 presents the effect of coarse
RCA content on electrical resistivity. Two RCA types were used in two groups of
concrete mixtures prepared with either a ternary cement and 0.37 w/cm or a binary

cement and 0.45 w/cm. Increase in electrical resistivity was observed with time,
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regardless of the RCA content. Such a time-dependent rate of increase in electrical
resistivity was more significant in the case of the T-37 mixtures, which could be
attributed to advanced pozzolanic activity in later ages. For instance and in the case of the
mixtures prepared with 50% RCA, the resistivity values were enhanced from 7.4 to 11.1
KQ.cm for the concrete made with binary cement and 0.45 w/cm, compared to the
increase from 16.5 to 31.2 KQ.cm for mixture prepared with ternary cement and 0.37
w/cm.

In general and regardless of the binder system, a tendency to decrease in electrical
resistivity was observed with greater RCA content. The reduction in electrical resistivity
was more pronounced concrete prepared with ternary cement and 0.37 w/cm. In other
words, the sensitivity to RCA incorporation was higher for the concrete prepared with
higher quality binder. For instance, the use of 70% coarse RCA reduced the 91-day
electrical resistivity from 35.0 to 29.2 KQ.cm in concrete made with ternary cement and
0.37 w/cm. Such a reduction was limited to 2.8 KQ.cm (from 13.1 to 10.3 KQ.cm) for

concrete made with 0.45 w/cm and binary cement.
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Figure 9.4 Effect of coarse RCA content on electrical resistivity

9.3.3.2 Effect of coarse RCA type. Figure 9.5 presents the electrical resistivity

measurements for concrete made with 50% RCA from various sources, proportioned with
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either binary cement and 0.40 w/cm, or ternary cement and 0.37 w/cm. The mixtures
made with 0.40 and 0.37 w/cm and dolomitic aggregate exhibited 91-day electrical
resistivity of 18.7 and 35.0 KQ.cm, respectively. Results obtained for 91-day
measurements of the B-40 mixtures with 50% coarse RCA ranged from 14.8 to 19.1
KQ.cm, corresponding to up to 21% reduction or up to 2% increase in resistivity. The
resistivity results of the T-37 mixtures made with 50% coarse RCA on the other hand
were constantly lower than that of the concrete without any RCA, with values ranging
from 27.4 to 31.2 KQ.cm, corresponding to 11%-22% decrease compared to the DOL1-
T-37 mixture. Even though the linear relation was not very strong, it was observed that
the increase in water absorption of the RCA reduces the 91-day resistivity. This was in

line with observations of Duan and poon (2014) and Kou et al. (2012).
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Figure 9.5 Electrical resistivity of concrete made with 50% coarse RCA

In general, it may be concluded that the electrical resistivity of concrete made
with 50% coarse RCA can be up to 32% lower than that of the mixture prepared with
virgin coarse aggregate, regardless of the RCA source. Such a behavior can be attributed
to the presence of potentially porous and cracked residual mortar, potential ionic
contamination, and the availability of damaged ITZ in RCA materials. However, the

incorporation of 0.37 w/cm and ternary cement were effective in mitigating the negative



206

impacts of RCA on electrical resistivity compared to the case of concrete made with
binary cement, 0.40 w/cm, and 100% dolomitic coarse aggregate. The minimum 91-day
resistivity of concrete made with ternary cement, 0.37 w/cm, and 50% of coarse RCA
(27.4 KQ.cm) was higher than that of the concrete made with binary cement, 0.40 w/cm,
and without any RCA (18.7 KQ.cm).

9.3.3.3 Effect of fine RCA content. Figure 9.6 presents the effect of fine RCA on
electrical resistivity of concrete proportioned with ternary cement and 0.40 w/cm. It was
generally observed that the use of fine RCA tends to reduce the electrical resistivity
especially at earlier ages. However, the rate of reduction was not significant for up to
40% fine RCA replacement. The use of up to 40% fine RCA in concrete made with 50%
coarse RCA reduced the 56- and 91-day electrical resistivity from 25.4 to 22.2 KQ.cm,
and from 29.7 to 26.4 KQ.cm, corresponding to 13% and 11% reduction, respectively.
This might be due to the advanced hydration of the ternary cement at 91 days that results
to a more densified pore structure, hence compensating for the potential impacts of the
fine RCA. Another justification for such observations can be the fact the incorporated
fine RCA was obtained from airfield concrete, where chloride bearing salts are not
typically used during the cold season.

9.3.4. Sorptivity. Figure 9.7 presents the results of sorptivity measurement on
concrete made with ternary cement and different amounts of coarse and fine RCA.
Results were compared to concrete prepared without any RCA, proportioned with binary
or ternary cement and 0.40 w/cm. The highest water absorption was observed for DOL1-
B-40 concrete, with initial and secondary sorptivity values of 2.30x107 and 8.90x10’
mm.s°, respectively. Such values were 1.49x107 and 5.50x10”7 mm.s®° for the initial
and secondary sorptivity of DOL1-T-40 concrete, respectively. Slight increase in
sorptivity was observed with the use of 30% coarse RCA or a combination of 30% coarse
RCA and 15% fine RCA in concrete with 0.40 w/cm. The secondary sorptivity values
were 6.0x107 and 6.2x107 mm.s%° for the RCA2-30-T-40 and RCA2-30-T-40-15F
mixtures, respectively, corresponding to up to 13% increase. The use of greater amount
of coarse RCA in mixtures with 0.37 w/cm resulted in a slight rate of increase in water
absorption rate, with secondary sorptivity values of 5.1x107, 5.0x107, and 5.3x107’

mm.s ™ for the concrete made with 30%, 50%, and 70% coarse RCA, respectively. This
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was in agreement with observations of Medina et al. (2014) who reported increase in 28-
day sorptivity due to RCA use in concrete made with 323 kg/m® OPC and 0.65 wi/c. The
authors reported sorptivity values of 0.68, 0.67, and 0.79 mm/h®® for concrete made with
0, 30%, and 50% coarse RCA (Medina et al. 2014). It is worth mentioning that the
sorptivity values obtained for concrete made with ternary cement, 0.37 w/cm, and various
amounts of RCA were generally lower than that of concrete made with binary cement,

0.40 w/cm, and 100% virgin aggregate.
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Figure 9.6 Effect of fine RCA content on electrical resistivity

9.3.5. Abrasion Resistance. Table 9.6 summarizes the abrasion resistance data
obtained for mixtures prepared with different amounts of coarse RCA2, with or without
fine RCA. The mixtures prepared with 100% virgin aggregate and 0.40 w/cm exhibited
similar mass loss of 225 g/m?, regardless of the binder type. An increase in mass loss
from 225 to 245 g/m?, corresponding to 9% increase was observed with 30% coarse RCA
incorporation in concrete with 0.40 w/cm and ternary cement. However, all mixtures

prepared with 0.37 w/cm had lower mass loss regardless of the fine and coarse RCA



208

content. For instance, the mass loss obtained for the RCA2-70-T-37 mixture was limited
to 130 g/m?, corresponding to 42% reduction in comparison with DOL1-T-40 concrete.
In addition to the higher paste quality, such an observation can be due to the high quality
of the incorporated coarse RCA with Los Angeles abrasion value of 33% in comparison
with the virgin coarse aggregate with Los Angeles resistance of 28%. Based on the
obtained data, it can be concluded that reducing the w/cm and the use of high quality
RCA with low Los Angeles value can be considered as effective means of reducing the
risk of severe surface damage due to abrasion.
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Figure 9.7 Effect of coarse and fine RCA on sorptivity results

9.3.6. Coefficient of Thermal Expansion. Table 9.6 summarizes the CTE
values obtained for mixtures prepared with different amounts of coarse RCA2, with or
without fine RCA. Slight variations, with a spread limited to 0.66x10° m/m/°C was
observed for the investigated mixtures. The concrete prepared with dolomitic aggregate,
binary cement, and 0.40 w/cm exhibited the highest CTE value of 9.40x10°® m/m/°C. The
use of ternary cement reduced the CTE to 9.07x10°® m/m/°C. In general, lower coefficient
of thermal expansion was observed for the mixtures prepared with RCA, with the lowest
CTE of 8.74x10°® m/m/°C obtained for the concrete made with 70% coarse RCA, ternary

cement, and 0.37 w/cm. Results were contrary to the previous findings where increase in
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56-day CTE from 7.88x10° to 8.68x10° m/m/°C was observed with 40% coarse RCA
replacement in concrete with limestone virgin coarse aggregate, binary cement, and 0.40
w/cm (Sadati and Khayat, 2016).

Table 9.6 Mass loss due to abrasion and coefficient of thermal expansion

Mixture Mass loss (g/m?) CTE (E-6 m/m/°C)
DOL1-B-40 225 9.40
DOL1-T-40 225 9.07
RCA2-30-T-37 150 9.34
RCA2-30-T-40 245 9.14
RCA2-30-T-37-15F 130 9.12
RCAZ2-30-T-40-15F 205 8.90
RCA2-50-T-37 95 9.25
RCA2-50-T-37-15F 130 -
RCA2-70-T-37 130 8.74

9.4. REMARKS
The effect of RCA on durability of concrete was investigated. RCA from five

commercial recycling centers, along with one laboratory-produced source were employed
at replacement rates of 30%, 50%, 70%, and 100%, by volume. Up to 40% fine RCA was
also used. The reference concrete mixtures were proportioned without any RCA and with
0.40 and 0.45 w/cm using 25% fly ash. Other mixtures with lower w/cm of 0.37 and
ternary cement were prepared to compensate for anticipated loss of durability stemming
from the use of RCA. Based on the results of this study, the following conclusions are
warranted:

e The use of up to 70% coarse RCA from a high quality air-entrained concrete
source used in airfield or laboratory produced air-entrained concrete did not cause
any significant variation in frost durability factor. The use of 50% commercially
produced RCA in concrete with 0.37 w/cm reduced the durability factor from

94% to 86%, though both values are considered provide adequate frost durability.
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On the other hand, such concrete exhibited greater de-icing salt scaling, with an
increase in accumulative mass moss from 415 to up to 760 g/m?.

Air content in hardened state was shown to increase with the use of RCA obtained
from air-entrained concrete. An increase in volume of air voids with chord length
of lower than 1.0 mm from 6.3% to 11.2% was observed with full replacement of
such coarse RCA. Reduction in spacing factor from 0.17 to 0.07 mm, and increase
in specific surface from 21.9 to 30 mm™ was observed for such concrete.

No reduction in frost durability factor was observed when the fine RCA volume
was limited to 15%, regardless of the w/cm. However, the use of 15% fine RCA
in concrete with ternary cement and 0.40 w/cm increased the mass loss due to
scaling from 870 to 1190 g/m?.

The increase in fine and coarse RCA reduced the electrical resistivity, depending
on the RCA content, binder type, and w/cm. The use of up to 40% fine RCA in
concrete prepared with ternary cement and 0.40 w/cm reduced the 91-day
electrical resistivity by up to 10%. Concrete with lower w/cm (0.37) and ternary
cement was more sensitive to the use of RCA. Up to 32% reduction in electrical
resistivity was observed with 50% coarse RCA replacement in such mixtures.
However, resistivity values of mixtures made with ternary cement, 0.37 w/cm,
and 50% coarse RCA were higher than that of the concrete prepared with binary
cement, 0.40 w/cm, and without any RCA.

Slight increase in sorptivity was observed with the use of RCA, where using 30%
coarse RCA in concrete with ternary cement and 0.40 w/cm increased the
secondary sorptivity from 5.5x107 mm.s®° to 6.0x107 mm.s®°. However, the
use of lower w/cm and ternary cement was effective in reducing the sorptivity.
The mixture prepared with 70% coarse RCA, ternary cement, and 0.37 w/cm
exhibited secondary sorptivity of 5.3x10”7 mm.s®°, compared to 8.9x10" mm.s%°
in the case of concrete with 100% dolomitic aggregate, binary cement, and 0.40
w/cm.

The concrete made with RCA exhibited greater abrasion damage. However, the
use of lower w/cm of 0.37 was effective in reducing the abrasion damage. The

mass loss dropped from 225 g/m? in the case of concrete with 0.40 w/cm and
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100% virgin aggregate to 130 g/m? for concrete with 0.37 w/cm and 70% coarse
RCA. A slight reduction, limited to 7%, was observed in CTE of concrete made
with up to 70% coarse RCA.
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10. FIELD PERFORMANCE OF CONCRETE PAVEMENT
INCORPORATING RECYCLED CONCRETE AGGREGATE

10.1. RESEARCH SIGNIFICANCE
Given the variable characteristics of RCA compared to virgin aggregate, there still

exists a conservative approach that limits the use of RCA in field applications (Surya et
al. 2013). Therefore, most of the application of RCA involves the use of RCA as
aggregate in base and subbase layers, backfill, embankment, stabilization, erosion control
(riprap), and landscaping (ACPA 2009). According to a survey published by the Federal
Highway Administration (FHWA 2004), 41 states recycled concrete for use as aggregate
in new construction in United States. Thirty eight of these states allow the use of RCA as
aggregate in base layer applications. Of these states, however, only 11 were using RCA
in new Portland cement concrete production (FHWA 2004).

With the increasing interest in the use of sustainable concrete made with RCA,
more information regarding the performance of such materials in field applications is
required. The research presented here contributes to the evaluation of properties of
pavement concrete proportioned with partial replacement of RCA. The results presented
should be of interest to owner agencies and engineers considering the design and use of
eco-friendly concrete for transportation infrastructure.

The objective of the study reported in this section is to investigate the material
properties and performance of the rigid pavement cast with RCA. The investigation is
divided in two phases. The first phase investigates the properties of concrete mixtures
produced with fine and coarse RCA for pavement application. Several concrete mixtures
proportioned with different fly ash replacement levels, fine and coarse RCA contents, and
w/cm were investigated in the laboratory. The mixtures were tested to determine
mechanical properties, durability, and shrinkage. Two mixtures produced with 30% and
40% coarse RCA replacement and a reference concrete proportioned without any RCA
were employed at second phase for the construction of a pavement section in St. Louis,
Missouri. Sampling was conducted at the job site, and core samples were extracted to
evaluate in-situ properties of the sustainable concrete. Instrumentation was also employed

to monitor early age and long-term deformation of different pavement sections.
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10.2. EXPERIMENTAL PROGRAM
10.2.1. Material Properties. The investigated concrete was proportioned with

binary cement containing Type I/l Portland cement and Class C fly ash. Crushed
limestone with a maximum size of 25 mm was used for the virgin aggregate. Well-graded
siliceous river-bed sand was used. Coarse and fine RCA procured from a commercial
recycling center were employed as a partial replacement of the virgin aggregate. The
RCA (both fine and coarse) were produced by recycling old concrete available at
Lambert International Airport area in St. Louis, Missouri. Table 10.1 presents the
physical properties of the fine and coarse aggregates. The residual mortar content of the
RCA was determined by a combination of thermal stress and chemical degradation
testing as suggested by Abbas et al. (2009). RCA was soaked in a saturated solution of
sodium sulfate and subjected to cycles of freezing and thawing to detach the adhered
mortar from the old virgin aggregate particles Abbas et al. (2009).

Table 10.1 Physical properties of the virgin and recycled concrete aggregate

Specific Dry rodded Absorption  Los Angles  Residual mortar

Aggregate gravity url(iligv;/;i%ht (%) abrasion (%) (% mass)
River sand 2.63 - 0.34
Fine RCA 241 - 6.8
Limestone 2.64 1602 0.5 24 -
Coarse RCA 2.38 1458 4.2 33 36

10.2.2. Mixture Proportions. An initial laboratory investigation was conducted
at phase I to evaluate the performance of candidate mixtures. A mixture recommended by
the Missouri Department of Transportation (MoDOT) for rigid pavement applications
was used as a reference concrete. This concrete was prepared with 323 kg/m® of
cementitious materials that included 25% Class C fly ash, by mass, a w/cm of 0.40, and
virgin aggregate. The initial laboratory investigation involved the variation of w/cm, fly
ash, and fine RCA content. Class C fly ash was incorporated at a replacement rate of 25%
to 40%, by mass of cementitious materials. The w/cm varied from 0.37 to 0.42. Fine

RCA replacement ranged from 0 to 20%, by volume, and coarse RCA replacement was
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fixed at 30%. This was carried out to evaluate engineering properties and durability of
concrete containing fine RCA and to investigate the feasibility of producing an
environmentally friendly, yet durable, pavement material.

Table 10.2 summarizes the mixture proportions and fresh properties of the
concrete developed and evaluated in phase I. All mixtures were proportioned with sand-
to-aggregate ratio (S/A) of 40% (by volume) and total cementitious material content of
323 kg/m3, except for the equivalent mortar volume (EMV) mixture (Fathifazl et al.
2009). The total mortar of the RCA-made concrete is considered as the summation of
residual mortar content attached to the RCA particles and the fresh mortar of the new
mixture. The second condition of the EMV method is that the total virgin coarse
aggregate content in the reference concrete should be equal to the total virgin coarse
aggregate content of the RCA-concrete, i.e. the summation of the old coarse aggregate
available in RCA particles and virgin aggregate of the RCA-made concrete (Fathifazl et
al. 2009).

A lignum-based water reducing admixture (WRA) with specific gravity of 1.2 and
40% solid content, and an air-entraining admixture (AEA) were incorporated to secure an
initial slump value of 50 + 15 mm and an air content of 6% + 1%, respectively. A coding
system was developed for labeling the different mixtures. The codes are composed of
three numbers indicating the fly ash content, fine RCA content, and w/cm. As an
example, code “25-15-40" refers to a mixture made with 25% of fly ash, 15% of fine
RCA, and w/cm of 0.40.

The mixtures developed for phase Il (field implementation) were proportioned
with 323 kg/m® of binary binder composition of Type I/Il Portland cement and 25% of
Class C fly ash by mass of binder. The w/cm was fixed at 0.4 with S/A of 0.42.
Aggregate sources incorporated in the field implementation were the same as those used
in laboratory investigations.

The concrete was produced at the contractor’s ready mix plant located 30 minutes
from the job site. The batching plant used a wet 9-m?3 electric gear portable central mix.
The materials were mixed in the drum mixer with speed of 15 rpm for one minute and

hauled in 6-m? deliveries in dump trucks.



Table 10.2 Mixture proportions of concrete investigated in phase |

Mixture ID Ref. 35-0-40 35-15-37 40-20-37 35-10-42 25-15-40 25-10-37 25-0-40 EMV
Cementitious materials (kg/m®) 323 323 323 323 323 323 323 323 282
Type | cement (kg/m?) 243 210 210 194 210 243 243 243 212
Class C fly ash, by mass (%) 25 35 35 40 35 25 25 25 25
Class C fly ash (kg/m?3) 81 113 113 129 113 81 81 81 71
w/cm 0.4 0.4 0.37 0.37 0.42 0.4 0.37 0.4 0.4
Water (kg/m?3) 129 129 120 120 136 129 120 129 113
Fine RCA, by volume (%) - - 15 20 10 15 10 - -
Fine RCA (kg/md) - - 102 136 68 102 68 - -
Sand (kg/md) 745 745 633 596 670 633 670 745 692
Coarse virgin aggregate (kg/m®) 1121 785 785 785 785 785 785 785 841
Coarse RCA (kg/md) - 303 303 303 303 303 303 303 371
S 8 Air content (%) 55 5.2 55 5.3 5.3 5.2 6.0 5.9 55
% %g Slump (mm) 65 90 50 50 65 50 40 40 25
S S Unit weight (kg/m®) 2392 2358 2347 2334 2353 2337 2327 2334 2392
= Air content (%) 5.3 5.1 5.3 5.0 52 5.3 5.9 5.6 6.0
% f"g Slump (mm) 50 75 65 40 75 65 40 65 40
a ° Unit weight (kg/md) 2404 2345 2342 2323 2326 2364 2352 2382 2350

174
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Table 10.3 summarizes the properties of the concrete used for casting various
pavement sections. All mixtures had air contents of 6% + 1%. Slump values were within
the desired range of 50 £ 15 mm. No signs of edge slump and no problems with casting
and finishing and tinning of the concrete mixtures were reported at the job site.

Table 10.3 Properties of concrete mixtures used in field study

Mixture 1D Reference  30% RCA  40% RCA
Type | cement (kg/m?) 243 243 243
Class C fly ash (kg/m?) 81 81 81
Water (kg/mq) 129 129 129
Coarse aggregate (kg/m3) 1075 755 645
Coarse RCA (kg/m?) - 335 445
Sand (kg/m?) 795 795 795
WRA (I/m?) 2.0 2.2 2.2
Slump (mm) 40 35 35
Air content (%) 55 6.5 6.5
Unit weight (kg/m?) 2380 2320 2290

10.2.3. Details of Field Implementation. The field implementation was planned
in collaboration with MoDOT and involved the construction of a 6.6-m wide ramp
approach to a bridge in St. Louis, Missouri. The experimental sections were placed within
the 300-m length of the project in three different sections. In total, 450 m?® of concrete
was used. The concrete was hauled by dump trucks, placed with a slip-form paver, and
finished with transverse tinning. A liquid curing compound was sprayed on the finished
surfaces after finishing. More details about the site conditions are available in (Khayat
and Sadati 2014).

The rigid pavement was cast on a 100-mm thick base layer made with a standard
aggregate composition (Type 5 aggregate) complying with MoDOT specification
Number 1007 (Missouri Department of Transportation 1999). The base was constructed

on a compacted subgrade soil. The various concrete materials were used to construct a
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JPCP system that had a uniform thickness of 215 mm. The experimental pavement
section consisted of a 3.6-m wide traffic lane, a 3.0-m wide concrete shoulder, and a 150-
mm wide ditch. The traffic lane was tied to an existing lane cast with MoDOT’s reference
concrete a few weeks in advanced, as shown in Figure 10.1. Longitudinal joints were
saw-cut between the travel lane and the shoulder. Transverse joints were saw-cut at 4.5-m
spacing where dowel bars were pre-placed. This resulted in 3.6x4.5 m pavement panels
along the traffic lane. Saw-cutting was performed about 6 to 8 hours after concrete

casting.

Figure 10.1 General view of the construction site

10.2.4. Specimen Preparation and Testing. A drum mixer with 110 liter
capacity was used for preparing the mixtures in the laboratory. The samples were
demolded 24 hours after casting and cured in lime-saturated water at 21+1°C until the
time of testing. For the determination of compressive strength, 100x200 mm cylindrical
specimens were employed in accordance with ASTM C39 (2001). Three samples were
tested for compressive strength values. Similar samples were used for testing the modulus
of elasticity (MOE) and splitting tensile strength in accordance with ASTM C469 (2010)
and ASTM C496 (2011), respectively. The flexural strength was measured on
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150x150%535 mm beams in accordance with ASTM C78 (2010). Two specimens were
tested for each mixture at each testing age.

Shrinkage was monitored using 75x75x285 mm prisms according to ASTM C157
(2008). Samples were cured in lime-saturated water for seven days before storage at
23+1°C and 50%+3% relative humidity. The bulk electrical resistivity was determined on
100x200 mm cylindrical specimens according to ASTM C1760 (2012). Samples were
cured in lime-saturated water and tested until the age of 91 days. Rapid chloride ion
permeability test was conducted on 50-mm thick slices obtained from cutting 100x200
mm cylindrical specimens in accordance with ASTM C1202 (2012).

Two sets of specimens were employed to measure frost durability according to
ASTM C666, Procedures A and B (ASTM C666 2003). For Procedure A, specimens
were cured in lime saturated water for 28 days before being subjected to freeze and thaw
cycles. The curing period was 35 days in the case of the Procedure B. CTE was
determined using cylindrical specimens measuring 100x200 mm, based on AASHTO
T336 (2011). Samples were cured in lime-saturated water up to the testing age. Core
samples were extracted and tested for abrasion resistance in accordance with ASTM
C779-C (2012).

10.3. RESULTS AND DISCUSSION
10.3.1. Test Results of Mixtures Investigated in Phase I. Table 10.2 presents

the fresh properties of these mixtures. Values of the measured air content in fresh
concrete ranged from 5.2% to 6.0%. All mixtures exhibited slump values within the range
of 50£15 mm, except for the 35-0-40 and EMV mixtures with slump values of 90 and 25
mm, respectively. The increase in residual mortar content of the RCA coincides with the
decrease in the amount of fresh mortar according to the EMV method. Given the
reduction in fresh mortar content, reducing the workability of the concrete can be
considered as a drawback for the EMV method.

10.3.1.1 Mechanical properties. Table 10.4 presents the mechanical properties

of the mixtures investigated in phase I. The minimum 1-day compressive strength of 17
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MPa was observed for the mixture prepared with 40% fly ash which was lower than the
minimum requirement of 19 MPa. The EMV samples exhibited the highest 1-day
compressive strength of 24 MPa. All mixtures had 28-day compressive strength values
higher than the targeted minimum value of 28 MPa. The highest 56-day strength was
observed for the concrete with w/cm of 0.37 and 40% fly ash. Comparing the results of
the reference and 25-0-40 mixtures, a 7% decrease in 91-day strength was observed as a
result of 30% coarse RCA replacement. The highest 91-day strength values were
observed for the mixtures made with 35% and 40% fly ash replacement due to the
pozzolanic reaction at later ages. Up to 20% fine RCA replacement did not have a
significant effect on compressive strength. A slight decrease of up to 4% in compressive
strength was observed at 91 days in the case of mixtures 35-15-37, 40-20-37, and 25-15-
40. Similar results were reported by (2007) who found that the incorporation of up to
30% RCA replacement does not have a significant effect on compressive strength of
concrete.

The highest 7-day splitting tensile strength value of 3.7 MPa was observed for the
EMV samples, which is believed to be due to good aggregate interlock, followed by the
25-10-37 mixture proportioned with w/cm of 0.37, 25% fly ash, and 10% fine RCA.
Variations in fly ash content and w/cm did not have a major effect on 7-day splitting
tensile strength of the rest of specimens with results varying from 2.5 to 2.8 MPa.

Increase in coarse RCA content from 0 to 30% did not have a significant effect on
7-day splitting tensile strength. However, a decrease of 6% in 56-day results was
observed while comparing the reference concrete with mixture 25-0-40 that incorporated
30% coarse RCA. Increasing the fine RCA content from 0 to 15% resulted in only 3%
decrease in the 56-day tensile strength of the 25-15-40 mixture in comparison with the
25-0-40 concrete. The highest 56-day value of 4.0 MPa was observed for the 40-20-37
and EMV mixtures, indicating that a combination of 40% fly ash and reducing w/cm to
0.37 was efficient in enhancing the splitting tensile strength of the mixture made with
20% fine RCA and 30% coarse RCA. Similar results were observed by Volz et al. (2014)

who found that up to 8% decrease in splitting tensile strength can be obtained when 50%
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RCA replacement is used in concrete with 0.45 w/cm and 315 kg/m® of cementitious
materials.

All mixtures had flexural strength values of higher than 4.1 MPa at 28 days, as
presented in Table 10.4. A 5% decrease in flexural strength was observed as a result of
increasing the coarse RCA content from 0 (reference) to 30% (mixture 25-0-40). Mixture
25-10-37 made with w/cm of 0.37, 10% fine RCA, and 25% fly ash had the highest 28-
day flexural strength of 5.9 MPa.

Comparing the 56-day flexural strength of mixture 25-15-40 to that of 25-0-40
reveals 7% decrease as a result of 15% fine RCA replacement. Reducing the w/cm to
0.37 and incorporation of 25% fly ash in concrete with 10% fine RCA was beneficial in
improving the 56-day flexural strength by 6% compared to the reference concrete.
However, in the case of the mixture made with 40% fly ash, w/cm of 0.37 and 20% fine
RCA replacement, flexural strength was reduced by 9% compared to the reference
specimens. The highest 56-day flexural strength was observed for the EMV mixture
followed by the 25-10-37 mixture; this was in agreement with the splitting tensile
strength observations. For both testing ages, the minimum results were observed in the
case of the mixture 35-10-42 with w/cm of 0.42.

As presented in Table 10.4, the reference, 40-20-37, and 35-0-40 mixtures had the
highest 56-day MOE results of about 40.5 GPa followed by the EMV mixture (38.5
GPa). The 56-day MOE of concrete with 30% coarse RCA replacement (mixture 25-0-
40) was 8% lower than the reference concrete. The replacement of up to 15% sand by fine
RCA did not lead to considerable drop in elastic modulus (4% decrease at 91 days).
Similar results were observed in the case of mixture 40-20-37 made with 0.37 w/cm and
20% of fine RCA replacement. This is in agreement with Silva et al. (2016) who reported
15% to 20% decrease in MOE as a result of 30% to 50% RCA replacement, respectively.

10.3.1.2 Shrinkage and durability. As indicated in Table 10.2, all mixtures had
fresh air contents of 5% to 6%. Slump values were within the targeted range of 50+15

mm, except for the 30-0-40 and 35-10-42 mixtures with initial slump value of 75 mm.



Table 10.4 Mechanical properties of laboratory made concrete

Mixture ID
Ref.  35-0-40 35-15-37 40-20-37 35-10-42 25-15-40 25-10-37 25-0-40 EMV
Property  Age (d)

_ 1 198 202 187 173 198 222 213 187 244

(48]
2 g 7 354 356 355 379 331 376 340 341 361
S = 28 435 521 536 485 427 495 488 421 417

(@))
§ S 56 481 532 548 557 495 524 500 466 446

? 91 518 567 532 543 509 503 522 480 487
oae 7 265 280 270 275 280 250 315 270  3.70
—— = [}
EZS& 28 350 330 360 350 370 360 345 325  3.80
sg S
e 56 385 385 340 405 330 350 350 360 405
TS~ 28 450 420 555 460 415 470 590 440  5.30
S 2o

[«b]
gs2 56 550 465 555 500 440 485 585 520  6.05
W 28 355 365 365 360 340 355 360 345  37.0
=2 56 405 400 375 405 370 360 350 375 385
Durability factor 01 87 o1 88 88 88 89 90 87

(%), Procedure A

Y44



222

The shrinkage results are illustrated in Figure 10.2. All mixtures had drying
shrinkage values limited to 600 pe after 180 days of drying. The minimum shrinkage was
recorded for the EMV mixture, with 300 pe at six months of age. This was due to the
lower amount of fresh mortar, along with higher content of coarse aggregate in this
mixture. Similar observations were reported by Fathifazl et al. (2011) who showed that
the EMV method was effective in reducing the 220-day shrinkage of concrete with w/cm
of 0.45 by more than 150 pe. Increasing the coarse RCA content from 0 to 30% (Ref. vs.
25-0-40) increased the 180-day shrinkage from 450 to 520 pe.

30 60 90 120 150 180
Elapsed time (day)

Length change of specimens (um/m)

=700 -

Figure 10.2 Shrinkage deformation of laboratory made concrete

Increasing the fine RCA content from 0 to 15% had no significant effects on
drying shrinkage of the 25-15-40 mixture in comparison with that of the 25-0-40. Using
40% fly ash while reducing the w/cm to 0.37 was helpful in reducing the 180-day
shrinkage of the mixture proportioned with 20% fine RCA to 425 pe. Increasing the
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w/cm to 0.42, on the other hand, increased the 180-d shrinkage of the mixture made with
15% fine RCA and 35% fly ash to 590 pe.

As indicated in Figure 10.3, the 56-day resistivity values were slightly higher than
the 28-day observations. However, 80% to 110% increase in 91-day resistivity was
observed in comparison with 28-day results, which is believed to be due to pozzolanic
reaction of fly ash available in mixtures. The maximum 28-day bulk resistivity was
observed for the reference concrete produced without any RCA. The incorporation of
30% coarse RCA reduced the 28-day resistivity slightly (4%). The increase in fine RCA
content from 0 to 15%, on the other hand, resulted in 22% decrease in 28-day resistivity
of the 25-15-40 mixture in comparison with 25-0-40 specimens.

The minimum 28-day resistivity of 9.3 KQcm was observed for the EMV
specimens. The highest 91-day resistivity was recorded for the 40-20-37 mixture,
demonstrating the potential for compensating for impacts of RCA on the resistivity by
means of fly ash and low w/cm. the incorporation of 30% coarse RCA reduced the 91-
day resistivity by 6%. Increase in fine RCA from 0 to 15% reduced the 91-day resistivity
by 18%. The minimum 91-day resistivity of 17.9 KQcm was observed for the 25-15-40
mixture.

Results of the durability factor measurements after 300 cycles of freezing and
thawing according to ASTM C666, Procedure A are presented in Table 10.4. All
mixtures exhibited good frost resistance with a durability factor higher than 87%. No
difference was observed when incorporating 30% coarse RCA replacement (25-0-40)
compared to the reference concrete.

Increasing the fine RCA content from 0 to 15% reduced the durability factor from
90% to 88% (mixture 25-0-40 vs. 25-15-40). Durability factor of 88% in the case of
mixture 40-20-37 indicates that using up to 20% fine RCA does not have a significant
effect on frost durability. Similar performance was observed in the case of mixtures 35-0-
40 and 35-10-42 with w/cm of 0.4 and 0.42 and durability factors of 87% and 88%,
respectively. Results are in agreement with observations of Richardson et al. (2011) who
reported that given the similar strength grade, there is no significant difference in
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freeze/thaw resistance of the RCA-made and conventional concrete, providing that

adequate air entrainment is secured.
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Figure 10.3 Electrical resistivity data of laboratory made concrete
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10.3.2. Proposed Candidates for Field Implementation. Based on the
laboratory investigations, the performance of concrete made with coarse RCA up to 30%
was comparable with that of the reference concrete in most cases. The strength criteria
required by MoDOT limit the 1-day and 28-day compressive strength of a 215-mm
pavement to 19 and 28 MPa, respectively. All mixtures investigated in laboratory
developed 28-day compressive strength values higher than the required criteria.
Increasing the fly ash content to 40% reduced the 1-day strength of the 40-20-37 mixture
to 17 MPa. In order to reduce the risk of drop in 1-day compressive strength and to avoid
frost related problems, it was decided to keep the fly ash replacement level at 25% for
site implementation. Given the reductions observed in flexural strength and negative
effects on shrinkage and durability, it was decided to exclude incorporation of fine RCA
and limit the w/cm to 0.40 in field implementation. Therefore, concrete mixtures
produced with 30% and 40% coarse RCA replacements (by mass) were used along with

the reference mixture without any RCA for the field work in phase I1.
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10.3.3. Test Results of Mixtures Investigated in Phase I1.

10.3.3.1 Control samples. Sampling was conducted at the job site during
placement. A vibrating table was incorporated to ensure proper consolidation of all
specimens. Wet burlap and plastic sheets were incorporated to cover the samples for one
day at job site. Field-sampled specimens were transported to the laboratory afterwards
and moist cured until the age of testing. A summary of mechanical property
measurements is reported in Table 10.5.

The highest 1-day compressive strength of 18.2 MPa was observed for the
reference concrete, which was slightly less than the required minimum of 19 MPa. This
was followed by the 30%RCA and 40%RCA mixtures with 16.3 and 14.0 MPa,
respectively. The compressive strength of the 30%RCA mixture was 12%, 13%, and 7%
less than that of the reference concrete at 7, 28, and 56 days, respectively. For the
40%RCA mixture, 11%, 11%, and 5% decrease in compressive strength was observed at
7, 28, and 56 days, respectively. The reference concrete made without any RCA exhibited
the highest compressive strength of 42.6 MPa at 91 days. The 30%RCA and the
40%RCA mixtures had 91-day strength values of 39.8 and 37.5 MPa, respectively. No
significant difference was observed in compressive strength for the 30% and 40% RCA
mixtures.

The reference concrete and the mixture made with 40%RCA developed the same
7-day splitting tensile strength of approximately 3.0 MPa. At 28 days, slightly higher
tensile strength of 3.15 MPa was recorded for the reference specimens, followed by 3.05
MPa for the 30% and 40% RCA mixtures. Similar results were observed for the splitting
tensile strength of the reference and RCA mixtures with 56-day results of 3.30 to 3.45
MPa.

All three types of mixtures exhibited similar flexural strength results at 28 days
which is in line with splitting tensile strength data. At 56 days, the mixtures made with
30% and 40% of RCA replacement had results similar to that of the reference mixture,
varying from 5.70 to 5.85 MPa.
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The MOE was the most affected mechanical property due to the incorporation of
RCA. At 28 days, 7% and 18% decrease in MOE was observed with the use of 30% and
40% RCA replacements, respectively. Compared to the reference mixture, a decrease of
22% and 14% in MOE was recorded as a result of incorporating 30% and 40% RCA at
56 days, respectively.

Table 10.5 Mechanical properties of concrete used in field study

Mixture Age (day) Reference 30%RCA 40%RCA
1 182 (48%)  16.3(7.0) 14.0 (5.0)
_ 7 31.8(36)  27.9(6.0) 28.3 (3.0)
(Cl\jg‘f)ress"’e strength 28 376(L2)  327(40)  333(5.0)
56 39.0(3.7)  363(10.0)  37.1(7.0)
91 426(22)  39.8 (4.0) 37.5 (3.0)
N _ 7 2.95 2.60 3.00
ftfé';g{‘r? (tlf/l”;;')e 28 3.15 3.05 3.05
56 3.30 3.45 3.40
28 555(65)  5.20 (8.8) 5.35 (4.1)
(Fll/el;;)ra' strength 56 580(6.7)  585(06)  5.70(24)
after /T 4.40(7.8)  4.45(10.9)  3.80 (7.6)
Modulus of elasticity 28 33.6 (2.0) 31.4 (3.0) 27.6 (12.0)
(GPa) 56 38.8 () 30.4 (9.0) 33.2 ()
B 28 2,040 2,020 2260
?égrﬂleoargg;ty 56 1,395 1,425 1515
91 990 1230 1320
Durability factor (%) Procedure A %2 i oL
Procedure B 90 92 87
Coefficient of thermal 2 7.88 8.24 8.68
expansion (um/m/°C) 11 7.56 7.74 7.88

*COV (%)

Figure 10.4 shows the variation of drying shrinkage with time. The reference and

30%RCA mixtures exhibited similar shrinkage values, which were approximately 100 pe
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lower than those for the 40%RCA mixture. The increase in drying shrinkage of the
40%RCA concrete is due to the lower restraining capacity of the RCA particles, given the
residual mortar, and decreases in the concentration of stiff virgin aggregate in the mixture
(Xiao et al. 2012). The shrinkage findings are in line with data reported in (Volz et al.
2014, Xiao et al. 2012).
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Figure 10.4 Variation of drying shrinkage with time

The rapid chloride-ion permeability test (RCPT) was performed at 28, 56, and 91
days of age. Results of permeability test are presented in Table 10.5. For 28 and 56-day
measurements, the reference and 30%RCA mixtures had similar performance with a
spread of 200 Coulomb in the case of the 40%RCA mixture compared to the reference
samples, which is negligible. The effect of RCA incorporation on RCPT was slightly
higher at 91 days where the reference concrete had very low permeability of 900
Coulomb, compared to low permeability of 1300 Coulomb for the RCA mixtures,
according to (ASTM C1202 2012).

The values of durability factor measured at the end of test cycles are presented in

Table 10.5. Results obtained from both procedures are in good agreement. All mixtures
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exhibited acceptable frost durability with durability factors ranging between 87% and
92%.

Specimens evaluated through Procedure B were tested for residual flexural
strength after frost cycles to evaluate the extent of internal damage. Results are presented
in Table 10.5. No significant difference was observed in residual flexural strength of the
reference and the 30%RCA specimens. However, a drop of 14% was detected for the
40% RCA mixture. Comparing the flexural strength after the frost cycles with 56-day
field measurements reveals 24%, 24%, and 33% drop in residual flexural strength for the
reference, 30% RCA, and 40% RCA specimens. Xiao et al. (2012) also observed that the
loss of strength due to freeze/thaw cycles is more significant in concrete mixtures
produced with RCA.

Table 10.5 summarizes the CTE values of concrete specimens. Regardless of the
age of testing, the CTE increased slightly as a function of RCA content. Measurements
were more sensitive to RCA content at 2 months, with 5% and 10% increase in CTE
when using 30% and 40% RCA replacements, respectively. The CTE values increased by
2% and 5% as a result of 30% and 40% RCA replacement at 11 months. Kim et al.
(2003) studied effect of 100% RCA replacement on CTE of concrete proportioned with
w/cm of 0.45. Authors reported 8%, 26%, 21%, and 8% increase in CTE while compared
to concrete produced with virgin coarse aggregate from granite, andesite, sandstone, and
gneiss sources, respectively. The CTE affects pavement deformation caused by variations
in temperature. Higher CTE corresponds to larger slab deformations, joint openings, and
more cracking potential.

Based on the data obtained from testing the control samples, RCA-made concrete
exhibited slightly lower mechanical properties and up to 100 pe higher shrinkage.
However, the performances of the mixtures in terms of durability were similar. This was
in line with the laboratory investigations of phase |.

10.3.3.2 In-situ mechanical properties. Core samples measuring 100 mm in
diameter were extracted four months after field construction of the pavement sections to

investigate in-situ mechanical properties. The core samples were maintained in moist



229

conditions until the time of testing. Table 10.6 summarizes the test results of the core
samples at the age of 120 days. In-situ results are compared to 91-day compressive
strength and 56-day splitting tensile strength and MOE for standard samples. No
correction factors were employed to the data obtained from testing core samples.

The reference mixture developed 5% and 20% greater compressive strength
compared to the 30%RCA and 40%RCA core samples, respectively. Same trends were
observed for the splitting tensile strength with 20% higher values for the reference and
30%RCA concrete compared to the 40%RCA mixture. The MOE values were
comparable for all mixtures. The reference and 30%RCA cores had compressive strength
results similar to that of 91-day laboratory results and approximately 10% higher tensile
strength compared to the 56-day laboratory cured specimens, which may be attributed to
the hydration progress and pozzolanic reactions of fly ash. The 40%RCA cores had 8%
lower splitting tensile strength results compared to the 56-day measurements. The MOE
value obtained for the reference concrete was 14% lower than the results obtained at 56
days, which may be due to the experimental errors or micro-cracks during the coring
process. For other tested mixtures, slight increase (up to 7%) in MOE was observed,

while comparing to 56-day results.

Table 10.6 Properties of core samples at 120 days

Mixture Reference 30%RCA 40%RCA
Compressive strength (MPa) 41.6 (97%) 39.6 (99) 32.9 (88)
Splitting tensile strength (MPa) 3.70 (111) 3.80 (110) 3.10 (92)
Modulus of elasticity (GPa) 33.2 (86) 32.4 (107) 33.8 (102)
Abrasion depth- top surface (mm) 2.5 2.3 2.2

*Ratio of core data to last measurement on field samples with standard curing

An additional set of core samples measuring 150 mm in diameter were used to
determine the abrasion resistance in accordance with ASTM C 779-C. Results are

summarized in Table 10.6. No difference in the abrasion depth was observed for the top
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and bottom surfaces of the cores. It should be noted that the top part of the cores were the
tined surface of the pavement. The bottom parts were saw cut surfaces. No difference was
observed in the abrasion resistance of the reference and RCA mixtures.

Results obtained for the core samples were comparable to those obtained from
testing the control samples. In general, incorporation of RCA resulted in slight reductions
in mechanical properties in comparison with the reference concrete. However, all three
implemented mixtures exhibited proper in-situ properties.

10.3.3.3 Long-term deformation. Vibrating wire strain gauges (VWSG) with
length of 170 mm were placed in pavement sections constructed with different concrete
mixtures to monitor long-term deformation. For each mixture, the VWSGs were placed at
different locations. The sensors were capable of determining the value of total strain in
the pavement caused by a combination of temperature variations, concrete shrinkage,
warping, and curling. Figure 10.5 offers a schematic view of the pavement section along
with the locations of the sensor baskets. Instrumentation details are summarized in Table
10.7.

The iso-thermal deformation determined at the top surface of the pavement at the
wheel path parallel to traffic direction at sections corresponding to the concrete mixtures
in use (location Al) are presented in Figure 10.6. All deformation values are quite small.
The total deformation is a combination of shrinkage deformation and environmental
effects. All mixtures had similar deformation patterns during the first 140 days of the
pavement life (up to mid-September). The concrete exhibited an initial expansion of
about 10 pum/m before exhibiting negative deformation caused by shrinkage and
compressive stress (and strain) due to warping during the summer time.

The deformation pattern is changed by the beginning of cold season (September).
This indicates that the environmental effects (warping and curling) are the main factors
governing the deformation characteristics, as shown in Figure 10.6, where negative strain
values are changing to positive strains caused by tensile stresses due to cold weather.

This pattern, however, tends to be cyclic and repeating through the year.
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Figure 10.5 Schematic view of the pavement panels

Table 10.7 Instrumentation details and configurations
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Location | Symbol

Location

Number of
gauges

Distribution in height

Direction of gauges

A | D

Wheel path

.
S0mm

—

S0

20 mm
|

Top: one, parallel to
traffic

Mid-height: one
parallel to traffic,
one perpendicular to
the traffic flow

. $ih
—————

Bottom: one parallel
to traffic

Wheel path

S0mm
100 1mm

—_

A0 mam

Top: one, parallel to
traffic

c 1O

Center line

S0mm
100 1mm

A0 mam

Top: one, parallel to
traffic

The highest variations in strain due to seasonal effects were observed in the case

of 40%RCA mixture with an approximately 100 um/m spread. The minimum value was
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about 60 pum/m for the reference mixture. This might be in part due to the higher CTE
and lower MOE of the 40%RCA mixture compared to the reference and the 30%RCA
concrete, as demonstrated by the following equation (Huang 2004):

8= [C_r + ,EJ.'C:I.:IER (AT} 2(1— _u,lj (10-1)

where dx is the warping stress in longitudinal direction, E is the modulus of elasticity of
the concrete, a is the coefficient of thermal expansion, p is the Poisson’s ratio, and Cx

and Cy are the correction factors for infinite slab length.
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Figure 10.6 Long-term iso-thermal in-situ deformations at top, wheel path, parallel to
traffic

Given the similar panel dimensions and base conditions, it is usually expected that
a decrease in MOE and an increase in the CTE increase the warping stress and strain in
rigid pavement. Figure 10.7 presents the strain recorded at mid-height of the pavement
parallel to the traffic direction (locations A2) at wheel path. The lowest deformation was
observed in the case of 30%RCA mixture up to the start of cold season (140 days of age).
The maximum variations in strain during the cold season was observed for the 30%RCA
mixture with about 80 pum/m change in strain direction. This was the lowest for the

reference mixture with spread of about 50 pum/m.
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Figure 10.8 shows the strains recorded at the mid-height of the pavement
perpendicular to the traffic direction (locations A3) at the wheel path. Deformations were
similar for all mixtures up to 140 days. The minimum seasonal effect, i.e. change in strain
direction due to reversed warping stress direction at cold season, was observed for the
reference mixture. It seems that the variation in stress and strain direction after the peak
in winter (about 300 days of age) tends to be slower compared to the same location but

parallel to the traffic flow (A2 location).
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Figure 10.7 Long-term iso-thermal in-situ deformations at mid-height, wheel path,
parallel to traffic

Figure 10.9 shows iso-thermal concrete deformation registered at location A4,
which is the bottom part of the pavement at wheel path, parallel to the traffic direction.
For the deformations at the bottom part of the pavement, it was observed that the
reference concrete and the mixture with 40%RCA replacement had comparable
deformations. The mixture with 30% RCA had the minimum strain up to 140 days which
might be due to experimental errors in installation or performance of the gauge. Again,
lower seasonal effects were recorded for the reference mixture in comparison with the
40%RCA section.
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Figure 10.8 Long-term iso-thermal in-situ deformations at mid-height, wheel path,
perpendicular to traffic

100
= =@ ——Reference  ------ 30% RCA
= 40%RCA
Z 9N , .
'_E-ﬁr:r ; - 1
24100 | WO N NN

-150

i 100 200 300 400 500

Elapsed tmme (dav)

Figure 10.9 Long-term iso-thermal in-situ deformations at bottom, wheel path, parallel to
traffic

Figure 10.10 shows the strains at C1 gauges at top part of pavement at the center
line of the traffic lane, parallel to the traffic direction. The 40%RCA and reference
mixtures had the lowest deformation, and the 30%RCA mixtures had the highest strain up
to 140 days. The minimum seasonal effect was observed for the 30%RCA mixture.

Deformation at the C2 location, at centerline, at the bottom part of the pavement and
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parallel to the traffic are presented in Figure 10.11. The maximum deformation was
obtained with the 40%RCA mixture by the end of the first summer (140 days). Very
slight seasonal effect was observed in the case of the reference mixture and the maximum
effect was proved to be for the 40%RCA concrete.
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Figure 10.10 Long-term iso-thermal in-situ deformations at top, center line, parallel to
traffic
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Figure 10.11 Long-term iso-thermal in-situ deformations at bottom, center line, parallel
to traffic
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In summary, a cyclic pattern of in-situ strain values ranging from tension to
compression and vice versa was observed with change in seasonal weather conditions for
the concrete pavement. Strain values at sensor locations were limited to 150 pe. This
verifies the performance of RCA-made sections regarding the long-term deformations
due to shrinkage and environmental effects. However, the concrete sections made with
RCA tend to have slightly higher deformation due to seasonal changes, i.e. curling and
warping in addition to shrinkage. Overall, the long-term in-situ performance of the RCA-
made pavement was comparable to that with virgin coarse aggregate.

10.3.3.4 Controlled traffic loading. The truck was modeled according to its
measured geometry and weight. Figure 10.12 provides a schematic of the truck
configuration. For all loading scenarios, the wheel plane over sensors A and B
corresponding to that at the driver side were used for loading the sensors. In the case of
the tandem axle, the outer tires were placed on instrumented spots. The weights of both
the driver and passenger sides of the front and the rear axles were determined in a weigh
station. Table 10.8 includes the weights of the axles and the pressure applied to the

pavement surface based on the contact area beneath the tires.
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Figure 10.12 Truck configuration, dimensions in cm

The various steps involved in the truck loading included static, slow moving, and
high speed loading. The first step consisted of positioning the front wheel of the truck on
instrumented spots to simulate the effect of static single-axle loading. After registration
of the deformation data, the truck was moved forward to position the tires of the rear

tandem axle over the sensor locations. In order to investigating the effect of speed on
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pavement deformation, truck was then allowed to pass on top of the marked sensor
locations at different speeds of 1, 14, 23, and 35 km/h. The sensors located at wheel path
(locations A and B in Figure 2) were employed for loading purpose. Two sensors were
considered for each depth (top and bottom) for all mixtures. Top and bottom sensors were
located approximately 50 mm from the top surface and bottom part of the pavement

section, respectively. All sensors were aligned parallel to the traffic flow.

Table 10.8 Axle weight and pressure values at tire-pavement contact area (driver side)

Axle type Single Tandem
Tire position Front tire Front tires Rear tires
Tire load (Ton) 3.4 4.8 35
Contact pressure (KPa) 570 1010 730

All sensor readings were set to zero before the loading. Time history deformation
was registered for all the loading scenarios, and the maximum deflection caused by the
single and the tandem axle loadings was compared as suggested by Goulias et al., (2011).
As an example, the deformations subjected to the slow moving load at top and bottom
part of the pavement section cast with the 30% RCA mixture are presented in Figure
10.13.

For every loading spot, it was found that for the tension areas, stresses are
compressive just before the tire reaches the top of the sensor, and then the stresses change
to tension and vise versa. Time needed for change stress between compression and
tension varied with the speed of truck. An example for this behavior is presented in
Figure 10.14 where the time history deformation of sensors located at the bottom part
(tension zone) of the pavement cast with 30% RCA for both the static and high speed
loading. Similar patterns for the stress type during dynamic loading was also observed by
Kumara (2005).
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Figure 10.13 Sample deformations registered at top and bottom of the pavement due to
slow moving truck
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Figure 10.14 Variations in stress direction during the truck movement — bottom part of
pavement

The values of the maximum deformation at different sensor locations are
summarized in Table 10.9 to Table 10.11. Negative values represent deformation in the

compression zone (pavement surface), and positive data refer to the tensile strain
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measurements at the bottom part of pavement sections. Based on the data, it was clear
that the deformation values registered at mid-height of the pavement section are
significantly lower than those of the top or bottom parts. This is expected given the fact
that the mid-height sensors are placed close to the neutral axis of the section, thus

resulting in deformation values close to zero.

Table 10.9 Peak deformation registered through Static loading (um/m)

- : compression, +: tension
Sensor location
Topl Bot.1 Mid-height Top2 Bot. 2

Axle type Mixture type

Ref -3.2 5.3 -3.1 5.8

Single 30% RCA -6.9 10.2 0.6 - -
40% RCA -6.4 10.6 -6.2 14.1
Ref -2.5 4.2 -4.1 7.5

Tandem 30% RCA -1.7 13.6 1.8 - -
40% RCA -7.8 13.1 -6.1 13.9

Table 10.10 Peak deformation registered for slow moving load (um/m)

-: compression, +: tension
Sensor location
Topl Bot.1 Mid-height Top2 Bot. 2

Axle type Mixture type

Ref 3.1 49 -3.0 5.7

Single 30% RCA 5.1 8.0 0.4 - -
40% RCA -4.4 6.7 -4.3 7.9
Ref -3.0 47 -3.7 6.9

Tandem 30% RCA -6.1 10.4 0.7 - -
40% RCA -6.0 10.5 -4.6 9.2

Table 10.11 Peak deformation registered for high speed moving load (um/m)

-: compression, +: tension

Speed . Sensor location
(kFr)n/h) Axletype  Mixture Topl _ Bot1 Mid-eight
14 Single 30% RCA -4.4 7.7 0.4
Tandem 30% RCA -5.7 10.1 0.6
93 Single 30% RCA -3.9 7.1 0.5
Tandem 30% RCA -6.0 10.1 0.4
35 Single 30% RCA -3.5 5.9 0.3

Tandem 30% RCA -4.9 8.1 0.3
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In general it can be concluded that the increase in truck speed reduced the strain
values. All mixtures exhibited similar performance where measured strain values were
limited to 15 pe at the sensor location. These observations further verify the feasibility of

using RCA as a partial replacement for virgin aggregate for rigid pavement construction.

10.4. REMARKS
This section presents the results of a field-oriented study carried out to

demonstrate the suitability of RCA for use in the construction of rigid concrete
pavements. Fresh and hardened properties of eight RCA-made concrete mixtures were
compared to those of a reference concrete produced in the laboratory. The investigated
mixtures were proportioned with 30% coarse RCA replacement, 0 to 20% fine RCA,
25% to 40% fly ash replacement, and w/cm of 0.37 to 0.42. Two mixtures proportioned
with 30% and 40% of coarse RCA along with reference concrete made without any RCA
were then implemented in a field project. Samples were taken during the casting. In
addition, cores were extracted 120 days after pavement placement to determine the in-situ
properties. Instrumentation was incorporated to monitor the long-term deformation of
different pavement sections. Based on the results obtained in this study, the following
conclusions are warranted:

e All laboratory produced mixtures met the 28-day compressive strength
requirement of 28 MPa. Increasing the coarse and fine RCA content to 30% and
20% did not have a significant effect on 91-day compressive strength. Reductions
in splitting tensile and flexural strength were limited to 6% and 7%, respectively.
Incorporation of 30% coarse and 15% fine RCA reduced the 56-day MOE by 8%
and 4%, respectively.

e The specimens cast with the EMV mixture exhibited minimum 180-day shrinkage
of 300 pe. Incorporation of fly ash and reducing the w/cm was helpful in
controlling shrinkage of RCA-made mixtures. The six-month shrinkage of the
majority of the investigated mixtures was limited to 500 pe in comparison to 450

pe for the reference concrete.
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No signs of edge slump, and no problems with placement, finishing, and tinning
of RCA-made mixtures were observed at the job site, which included casting 450
m? of concrete in a length of 300 m.

Incorporation of 30% and 40% RCA reduced the 1-day compressive strength by
10% and 23%, respectively. Reduction rate was limited to 7% and 12% at 91
days. The 56-day MOE was reduced by 22% and 14% due to 30% and 40% RCA
replacement, respectively. However, the 56-day splitting tensile strength and
flexural strength values were similar for the reference, 30%RCA, and 40%RCA
mixtures.

The reference and 30% RCA mixtures had similar shrinkage and chloride ion
permeability performance. An increase of 100 pe in shrinkage and 300 Coulomb
increase in total passed charged was observed for the 40%RCA samples. All
mixtures had good freeze thaw resistance with durability factors higher than 87%.
All investigated pavement sections had similar patterns of iso-thermal
deformation, which were limited to 150 pe at sensor locations. No significant
difference in deformation of various mixtures was observed.

In general it can be concluded that the increase in truck speed reduced the strain
values. All mixtures exhibited similar performance where measured strain values

were limited to 15 pe at the sensor location.
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11. SUMMARY AND CONCLUSIONS

The objective of this study is to investigate the feasibility of using high
performance concrete made with high-volume of recycled materials in sustainable
transportation infrastructure. Development of environmentally friendly mixtures for rigid
pavement construction was the main subject of interest. The feasibility of replacing 50%
of Portland cement with industrial by-products and supplementary cementitious materials
(SCMs) was evaluated. Several sources of fine and coarse recycled concrete aggregates
(RCA) were considered for concrete production. A comprehensive experimental program
was conducted to evaluate the effect of concrete mixture design and RCA characteristics
on mechanical properties, drying shrinkage, cracking potential, and durability of
concrete. Based on the obtained data, the following conclusions are drawn.

11.1. BINDER OPTIMIZATION
Concrete equivalent mortar (CEM) designed based on the concrete mixture design

used for construction of rigid pavement was employed for optimization of binder
compositions. The w/cm was fixed at 0.40. Several binary and ternary combinations of
cement (OPC), Class C fly ash (FA-C), Class F fly ash (FA-F), slag (GGBS), and ground
glass fiber (GGF) were investigated for rheological properties, heat of hydration,
compressive strength development, drying shrinkage, cost, and emissions.

The use of high volume SCM a replacement rates of over 50% reduced the early
age strength development. However, the long-term compressive strength values were
mostly higher than that of the mixture made with 100% OPC (34.1 MPa), with maximum
value of 61.5 MPa for CEM made with 15% GGBS and 35% FA-C. The use of 15% and
25% GGF in ternary blends was effective in enhancing the compressive strength. The
best performances were observed in the case of the GGF/FA-C mixtures, followed by the
GGF/GGBS, and GGF/FA-F, with up to 45%, 28%, and 10% increase in 91-day
compressive strength compared to the Reference mixture.
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Both the early age and long-term shrinkage values reduced with the use of SCMs.
The maximum 7- and 120-day shrinkage values of 850 and 1030 pe were observed for
the mixture made with 100% OPC. Reduction in 120-day shrinkage to values as low as
500 pe was observed with high-volume SCM incorporation, with replacement rates of up
to 70%.

Multi criteria decision making was conducted to rank the overall performance of
binary and ternary mixtures prepared with various amounts of GGBS, FA-C, and FA-F.
Given the technical considerations, cost, emissions, and considering the performance of
the investigated mixtures, it was decided to use a ternary blend of 50% OPC, 15% GGBS,
and 35% FA-C as a candidate binder for concrete production. The CEM made with this
binder exhibited 91-day compressive strength of 61.5 MPa and 120-day drying shrinkage
of 700 pe, and electrical resistivity of 14.2 KQ.cm.

Considering the overall performance of the mixtures cast with GGF, it was
decided to limit the use of GGF to 15% in concrete production. Given the acceptable
performance, a ternary blend of 50% OPC, 35% FA-C, and 15% GP was also added to
the test matrix of the concrete phase. The CEM made with this binder exhibited 91-day
compressive strength of 47.7 MPa and 120-day drying shrinkage of 900 pe, and electrical
resistivity of 24.9 KQ.cm.

11.2. AGGREGATE CHARACTERIZATION
Several sources of fine and coarse RCA were procured from various recycling

centers in the state of Missouri, Kansas, and Illinois. Moreover, a source of coarse RCA
was produced in the laboratory. Key engineering properties of the aggregates, including
particle size distribution, specific gravity, water absorption, Los Angeles abrasion,
deleterious materials content, residual mortar content, and soundness were investigated in
the laboratory.

Several combinations of fine and coarse aggregates were investigated for particle

packing density. Results were analyzed for a variety of investigated combinations of
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virgin and recycled aggregates. A sand to aggregate ratio of 42% (by vol.) was selected

for concrete production.

11.3. MECHANICAL PROPERTIES
Different types of fine and coarse RCA were used for development of concrete

mixtures in the laboratory. The concrete mixtures were proportioned with w/cm ranging
from 0.37 to 0.45, with binary and ternary cements. The mixtures were investigated for
compressive strength, splitting tensile strength, flexural strength, and Modulus of
elasticity. Results indicated that the adjustments in mixture design parameters, including
the reduction in w/cm and the use of ternary cements were effective in mitigating the
negative impacts of using RCA and securing proper mechanical properties. Strong
correlations were established between the key physical properties of aggregate, including
water absorption, oven-dry specific gravity, and LA abrasion with investigated
mechanical properties. Contour diagrams were developed to illustrate the effect of coarse
RCA on mechanical properties of concrete designated for rigid pavement construction.

In general, it was observed that the variations in LA abrasion and water
absorption of the combined coarse aggregate can be considered as proper means of
estimating the effect of coarse RCA on compressive strength of concrete. Based on the
results obtained for the investigated mixtures, the use of 50% coarse RCA with water
absorption of 3% and 6% can result in approximate compressive strength of 56.0 and
50.0 MPa, respectively, compared to values of about 57.5 MPa for concrete made without
any RCA, 0.37 w/cm, and ternary cement with 15% GGBS and 35% FA-C. The use of
50% coarse RCA with LA abrasion of 35% and 45% can result in approximate
compressive strength of 53.0 and 49.0 MPa, respectively, compared to values of higher
than 55.0 MPa for concrete made without any RCA, 0.37 w/cm, and ternary cement with
15% GGBS and 35% FA-C.

Results indicate that the variations in LA abrasion and water absorption of the
combined coarse aggregate can be considered as proper means of estimating the effect of
coarse RCA on splitting strength of concrete. Based on the results obtained for the
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investigated mixtures, the use of 50% coarse RCA with LA abrasion of 40% and 50% can
result in approximate splitting tensile strength of 3.15 and 3.0 MPa, respectively,
compared to values of higher than 3.3 MPa for concrete made without any RCA, 0.40
w/cm, and binary cement with 25% FA-C. The use of 50% coarse RCA with water
absorption of 3% and 7% can result in approximate splitting tensile strength of 3.25 and
3.1 MPa, respectively, compared to values of about 3.3 MPa for concrete made without
any RCA, 0.0 w/cm and binary cement with 25% FA-C.

It was observed that the variations in water absorption and specific gravity of the
combined coarse aggregate can be considered as proper means of estimating the effect of
coarse RCA on flexural strength of concrete. Based on the data obtained through
laboratory investigation, the use of 50% coarse RCA with water absorption of 4% and
7% can result in approximate flexural strength of 4.95 and 4.80 MPa, respectively,
compared to values of about 5.10 MPa for concrete made without any RCA, binary
cement, and 0.40 w/cm. For the same type of concrete mixtures, the use of 50% coarse
RCA with oven-dry specific gravity of 1.80 and 2.45 can result in approximate flexural
strength of 4.50 and 5.10 MPa, respectively, compared to values of about 5.25 MPa for
concrete made without any RCA.

In general it was observed that the water absorption and the oven dry specific
gravity were better predictors for estimation of MOE. For the investigated concrete made
with binary cement and 0.40 w/cm, the use of 50% coarse RCA with water absorption of
3% and 7% can result in approximate MOE of 38.5 and 34.0 GPa, respectively, compared
to values of about 40.0 GPa for concrete made without any RCA. The use of 50% coarse
RCA with oven-dry specific gravity of 1.80 and 2.40 can result in approximate MOE of
38.0 and 30.0 GPa, respectively, compared to values of about 40.0 GPa for concrete
made without any RCA.

Given the significant impact of MOE on design and performance of rigid
pavements, artificial neural networks were incorporated for estimating the variations in

MOE of concrete made with coarse RCA. A database summarizing the mixture
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proportions and RCA characteristics of over 480 concrete mixtures was developed and
investigated using artificial intelligence.

Several scenarios were investigated for the input parameters. Strong correlations
were observed for the selected models with correlation factors ranging from 0.83 to 0.94
for training, validation, and testing of the selected models. MOE of concrete designated
for rigid pavement construction was investigated as a case study. Depending on the RCA
quality, Results indicate up to 20% reduction in MOE of the pavement concrete due to
50% coarse RCA replacement.

11.4. DRYING SHRINKAGE
Different types of fine and coarse RCA were used for development of concrete

mixtures in the laboratory. The concrete mixtures were proportioned with w/cm ranging
from 0.37 to 0.45, with binary and ternary cements. The mixtures were investigated for
drying shrinkage.

Strong correlations were established between the key physical properties of
aggregate, including water absorption, oven-dry specific gravity, and LA abrasion with
drying shrinkage of concrete at different ages. The water absorption characteristics
yielded the highest R2 values of 0.78 and 0.85 for mixtures cast with 0.40 and 0.37 w/cm,
respectively.

The RCA replacement level (% mass), water absorption rate, and specific gravity
were used as input parameters to develop contour graphs to enable prediction of 90-day
shrinkage of concrete typically used by State DOTs for rigid pavement construction.
Results indicate up to 17% increase (from 450 to 525 pe) in 90-day shrinkage of such a
mixture due to incorporation of 30% RCA with specific gravity of 2.2 and water
absorption of 8.0%. Up to 55% increase in 90-day drying shrinkage due to full

replacement of such RCA in these pavement mixtures could be expected.
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11.5. CRACKING POTENTIAL
Different types of coarse RCA were employed at 505 and 100% replacement rates

to evaluate the cracking potential under re-strained shrinkage conditions. Ring type
specimens were incorporated.

In the restrained ring test, no cracking was observed in the case of the Reference
mixture up to 35 days of drying, with stress rate limited to 0.10 MPa/day. No cracking up
to 35 days of drying was observed for the mixtures with 50% RCA, which is considered
as “low” potential for cracking. On the other hand, the incorporation of 100% RCA
reduced the time of cracking to values ranging from 9 to 11 days, with stress rates
ranging from 0.25 to 0.34, which correspond to “medium-high” risk of cracking.

Concrete mixtures cast with 100% RCA developed higher tensile creep
coefficient. Such values of ranged from 0.34 to 0.78 at the time of cracking compared to
0.34 to 0.36 for the Reference concrete, and 0.23 to 0.43 for the concrete with 50% RCA.
This is believed to be due to higher stress relaxation, i.e. lower MOE. Even though the
tensile creep coefficient and stress relaxation were higher in concrete made with 100%
RCA, the significantly higher shrinkage and reduction in tensile strength of up to 25% led

to earlier time to cracking of such mixtures.

11.6. CONCRETE DURABILITY
Concrete made with different types of coarse and fine RCA procured from

different sources was investigated for durability. Durability against freeze/thaw cycles,
de-icing salt scaling, electrical resistivity, abrasion resistance, and sorptivity were
investigated.

The use of up to 70% coarse RCA from a high quality air-entrained concrete
source used in airfield or laboratory produced air-entrained concrete did not cause any
significant variation in frost durability factor. The use of 50% commercially produced
RCA in concrete with 0.37 w/cm reduced the durability factor from 94% to 86%, though
both values are considered provide adequate frost durability. On the other hand, such

concrete exhibited greater de-icing salt scaling, with an increase in accumulative mass
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moss from 415 to up to 760 g/m?. No reduction in frost durability factor was observed
when the fine RCA volume was limited to 15%, regardless of the w/cm. However, the
use of 15% fine RCA in concrete with ternary cement and 0.40 w/cm increased the mass
loss due to scaling from 870 to 1190 g/m?.

Air content in hardened state was shown to increase with the use of RCA obtained
from air-entrained concrete. An increase in volume of air voids with chord length of
lower than 1.0 mm from 6.3% to 11.2% was observed with full replacement of such
coarse RCA. Reduction in spacing factor from 0.17 to 0.07 mm, and increase in specific
surface from 21.9 to 30 mm™* was observed for such concrete.

The increase in fine and coarse RCA reduced the electrical resistivity, depending
on the RCA content, binder type, and w/cm. The use of up to 40% fine RCA in concrete
prepared with ternary cement and 0.40 w/cm reduced the 91-day electrical resistivity by
up to 10%. Concrete with lower w/cm (0.37) and ternary cement was more sensitive to
the use of RCA. Up to 32% reduction in electrical resistivity was observed with 50%
coarse RCA replacement in such mixtures.

Slight increase in sorptivity was observed with the use of RCA. However, the use
of lower w/cm and ternary cement was effective in reducing the sorptivity. The concrete
made with RCA exhibited greater abrasion damage. However, the use of lower w/cm of

0.37 was effective in reducing the abrasion damage.

11.7. FILED IMPLEMENTATION
Two mixtures produced with 30% and 40% coarse RCA replacement and a

reference concrete proportioned without any RCA were employed at second phase for the
construction of a pavement section in St. Louis, Missouri, which included casting 450 m*
of concrete in a length of 300 m. Sampling was conducted at the job site, and core
samples were extracted to evaluate in-situ properties of the sustainable concrete.
Instrumentation was also employed to monitor early age and long-term deformation of

different pavement sections.
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No problems with placement and finishing of RCA-made mixtures were observed
at the job site. The incorporation of 30% and 40% RCA reduced the 1-day compressive
strength by 10% and 23%, respectively. Reduction rate was limited to 7% and 12% at 91
days. The 56-day MOE was reduced by 22% and 14% due to 30% and 40% RCA
replacement, respectively. However, the 56-day splitting tensile strength and flexural
strength values were similar for the reference, 30%RCA, and 40%RCA mixtures.

The reference and 30% RCA mixtures had similar shrinkage and chloride ion
permeability performance. An increase of 100 pe in shrinkage and 300 Coulomb increase
in total passed charged was observed for the 40%RCA samples. All mixtures had good
freeze thaw resistance with durability factors higher than 87%.

All investigated pavement sections had similar patterns of iso-thermal
deformation, which were limited to 150 pe at sensor locations. No significant difference
in deformation of various mixtures was observed. All mixtures exhibited similar

performance where measured strain values were limited to 15 pe at the sensor location.

11.8. FUTURE RESEARCH
Based on the data obtained through this research, the following aspects are

recommended for further research in future:

e Given the variable nature of RCA, it is required to establish analytical methods to
quantify the key engineering properties of concrete made with RCA. It is
necessary to develop comprehensive databases to investigate the mixture
proportions, aggregate characteristics, and performance of concrete made with
fine and coarse RCA. Statistical data analysis techniques and artificial intelligence
can be used for the analysis of databases, aiming at development of analytical
models for prediction of properties of concrete made with RCA.

e The residual mortar phase of RCA can contain a variety of chemical
contaminations, including chloride ions, etc. Further research is required to

establish simplified test methods for quantifying such ionic contaminations. In
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additions, potential quantifying the correlations between such contaminations and
durability of concrete made with RCA should be investigated.

The availability of porous mortar in RCA particles can alter the air void system
of the concrete made with RCA. Further investigation is required to quantify the
effect of RCA replacement ratio, RCA residual mortar content, and properties of
the residual content on air void system of concrete made with RCA.

Development of cost-effective and user friendly techniques for enhancing the
RCA properties can reduce the uncertainties related to the use of RCA and
increase the market share of recycled materials. The use of organic agents,
coatings, and chemical treatments can be considered as effective means of
enhancing the RCA properties. Further research is required to establish guidelines

and recommendations.



APPENDINX A.

SHEAR PERFORMANCE OF REINFORCED CONCRETE BEAMS

INCORPORATING RECYCLED CONCRETE AGGREGATE AND HIGH-

VOLUME FLY ASH
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NOTATIONS

As = area of non-prestressed tension reinforcement (mm?)

as = shear span of beam (m)

bw = web width (mm)

d = distance from extreme compression fiber to centroid of longitudinal tension

reinforcement (mm)
da = maximum aggregate size (mm)

dmax ~=maximum aggregate size (mm)

dv = effective shear depth (mm)

Es = modulus of elasticity of reinforcing steel (MPa)

e = specified compressive strength of concrete for use in design (MPa)
fek = characteristic compressive cylinder strength of concrete (MPa)

fem = mean compressive strength of concrete (MPa)

My = factored moment at section (KN.mm)

\ = shear strength provided by concrete (KN)

Vy = factored shear force at section (KN)

w/c = water to cement ratio

oo = 1 for rounded aggregate and 1.44 for crushed or angular aggregate
€s = strain in non-prestressed longitudinal tension reinforcement (mm/mm)
) = longitudinal reinforcement ratio

RESEARCH SIGNIFICANCE

Concrete is the most widely used construction material. Efforts aimed at
producing environmentally friendly concrete can play a major role in securing
environmentally friendly construction. Candidate technologies for sustainable concrete
materials include the incorporation of supplementary cementitious materials (SCMs),
such as fly ash as a partial replacement for portland cement, the incorporation of recycled
materials in concrete production, and, in particular, recycled concrete aggregate (RCA),
as well as the use of highly durable concrete to increase service life.
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Portland cement production accounts for a significant portion of the total
greenhouse gas emission. The production of Portland cement is responsible for about 7%
of total worldwide CO2 emissions (Nuaklong et al., 2015). Therefore, replacing Portland
cement with an alternative cementitious material and/or industrial by-products can
decrease the carbon footprint of the concrete.

Over 900 million tons of construction and demolition waste is produced annually
in Europe, the U.S., and Japan (WBCSD, 2012). Although the use of RCA does not
significantly reduce CO> emissions, it can significantly contribute to reducing the
depletion of natural resources (virgin aggregate) and decreasing the need for landfills.

When using a high volume of RCA and SCMs, it is necessary to understand the
structural performance of this new class of concrete materials. Limited studies regarding
the structural performance of high-volume fly ash concrete (HVFAC) are available.
Arezoumandi et al. (2013) replaced 70% of cement with Class C fly ash in full-scale
beams with longitudinal reinforcement ratios of 1.27%, 2.03%, and 2.71%. The concrete
had compressive strengths at 28 days of 31 MPa. Results of the studies showed that the
HVFAC beams can develop a shear strength that is around 12% higher than the reference
beam made without any fly ash, which had a 28-day strength of 29 MPa. Rao et al.
(2011) replaced 50% of cement with Class F fly ash in reinforced concrete (RC) beams
made with longitudinal reinforcement ratios of 0.6% to 2.9% and reported a slightly
lower shear strength than the reference specimens without any fly ash.

A number of studies were conducted to evaluate the shear behavior of concrete
made with RCA. Sogo et al. (2004) used RCA from foundation concrete of 10 to 40 years
of age. Concrete mixtures were proportioned with a water-to-cementitious materials ratio
(w/cm) of 0.3 to 0.6 and a RCA replacement of 100%. Beam specimens with a
longitudinal reinforcement ratio varying between 2.39% and 4.22% with different shear
reinforcement ratios of 0, 0.26%, and 0.53% were studied. The authors found that the
shear strengths of beams made with RCA were up to 20% lower than those of the control
beams in which RCA and virgin fine were used. A decrease in shear capacity of up to

30% was observed for concrete made with both fine and coarse RCA (Sogo et al., 2004).
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Yagashita et al. (1994) used three different types of RCA of relatively low, medium, and
high quality as a full replacement of virgin coarse aggregate. The authors reported an 8%
lower shear strength for the beams made with high-grade RCA compared to concrete
made with virgin aggregate. Gonzalez-Fonteboa et al. (2007) tested beams made with a
50% RCA replacement. Beams were cast with 2.39% of longitudinal reinforcement and
four shear reinforcement ratios ranging from 0 to 0.22%. Concrete mixtures with slump
values of 50 to 100 mm, proportioned with w/cm of 0.55 and containing 8% silica fume
were prepared. The average compressive strength at 115 days was 40 MPa. No
significant difference in the shear strength was observed between the RCA-made and
control beams. Table 1 offers a summary of various studies of the shear strength of
concrete made with RCA.

The study reported in this paper investigates the shear capacity of 24 full-scale
RC beams fabricated with high volume fly ash and RCA. Four concrete mixtures were
employed for casting the beams: conventional concrete (CC) without any fly ash or RCA
as the reference; fly ash concrete with 50% of Class C fly ash replacement (FAS50
beams); RCA concrete with 50% of coarse RCA replacement (RCA50 beams); and
sustainable concrete (SC) proportioned with 50% Class C fly ash and 50% RCA. The
beams were fabricated with three different longitudinal reinforcement ratios of 1.27%,
2.03%, and 2.71%. The test results were compared with theoretical models provided by
six different design codes as well as a shear database for CC. The experimental results
were also compared to analytical approaches based on fracture mechanics as well as the
modified compression field theory approach. Parametric and non-parametric statistical
data analyses were conducted to compare the shear strength characteristics of the various
beam elements.

With the increasing use of sustainable concrete made with RCA and fly ash, more
information regarding the structural behavior of such sustainable materials is required for
safe implementation. The research presented here contributes to the evaluation of the
structural performance of concrete containing high-volume fly ash and RCA in shear.
The results presented here should be of interest to owner agencies and engineers
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considering the design and use of sustainable concrete for structural applications. It
should be noted that the research presented in this appendix was conducted in
collaboration with Dr. Jeffery Volz and his research group at Missouri University of
Science and Technology. More details on experimental program and test results are
presented by Volz et al. (2014) and Arezoumandi et al. (2014).

EXPERIMENTAL PROGRAM

As stated earlier, the experimental program involved the testing of four concrete
mixtures and three longitudinal reinforcement ratios with two replicate beams per
mixture. The constituent materials and mixture proportioning of the four mixtures are
elaborated below.

Materials and Mixture Proportions.

The CC mixture was proportioned with ASTM Type | portland cement, crushed
limestone aggregate with a maximum aggregate size of 25mm, and natural siliceous
riverbed sand. The SC and FA50 mixtures incorporated Class C fly ash from a local
source in Missouri. The RCA used for the production of the SC was obtained by crushing
30-to 40 year old concrete pavement mixed with 60-to 120 day old ready mix concrete
residuals. The RCA employed for casting RCA50 beams was produced in the laboratory.
The physical properties of the virgin aggregate and RCA are presented in Table 2. Table
3 summarizes the characteristics of the cement and fly ash. Grade 60 (414 MPa)
longitudinal and shear reinforcement steel complying with ASTM A615 (2012) was used.

Table 4 summarizes the concrete mixture proportions. The CC, SC, and RCA50
mixtures were proportioned with a w/cm of 0.40. The FA50 concrete had a w/cm of 0.35.
Gypsum and calcium hydroxide were added to the FA50 mixture to enhance the early age
strength development (Bentz, 2010). Concrete was delivered by a local ready mix

concrete supplier. Table 5 presents the properties of the investigated mixtures.
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Specimen Design.

All specimens were cast with rectangular cross sections measuring 4.2 m in
length, 305 mm in width, and 460 mm in height, and had a shear span-to-depth ratio of
3.0 or greater, as presented in Figure 1. The beams were designed with various
longitudinal reinforcement ratios ranging from 1.27% to 2.71% to prevent failure in
flexure. Care was taken to ensure the reinforcement amount was maintained within the
criteria introduced by ACI 318 (2011). The designation codifications of the beams in
Figure 1 (NS-4, NS-6, and NS-8) indicate the use of no stirrups (NS) in shear regions and
the number of #22 bars at the bottom of the beams.

Fabrication and Curing of Test Specimens.

Beam fabrication and testing were conducted at the High-Bay Structural Research
Laboratory in the Department of Civil Engineering at Missouri University of Science and
Technology. The concrete was delivered to the laboratory by ready mix trucks in batches
measuring 0.7 m3. The beams were cast in two layers and properly consolidated using
internal vibration. At the end of casting, wet burlap and plastic sheeting were used to
cover the specimens. Such a curing regime continued until the beams were tested, which
was at the age of 28 days. For the FA50 and RCA50 beams, the curing regime included
four days of moist curing using wet burlap, followed by storage at 21+3°C and a relative
humidity of 40%+10% up to the age of testing.

Test Setup and Procedure.

A load frame was designed for the four-point loading of the beams. The set up
was equipped with a pair of 490 KN servo-hydraulic jacks. A displacement controlled
mode at a rate of 0.50 mm/min was selected for applying the load. The beams were
supported with a combination of a roller-type and a pin support at a distance of 300 mm
from the two ends. The combination of the two point loads and the two supports resulted
in the desired four-point loading system. A linear variable differential transformer
(LVDT) was employed for measuring the mid-span deflection. Strain gauges were also
incorporated to monitor the strain in reinforcing bars. In order to determine the

reinforcement strain at the maximum flexural moment location, the first set of gauges
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was attached to the bottom layer of the flexural reinforcement at mid-span. Another set of
gauges was employed to determine strain at the middle of the shear test area (i.e., at
quarter points of the span). The loading configuration and positions of the strain gauges
are depicted in Figure 1. More details on the experimental program and test set up are
available in (Volz et al., 2014).

The formation of cracks was monitored, and cracks were marked at load
increments of 22 KN. Deformation and registered strain values were also monitored up to

failure.

TEST RESULTS, ANALYSIS, AND DISCUSSION

The performances of the various beams are discussed in this section. The shear
strength and steel strain were compared to values that can be deducted from various
standards as well as a database proposed by Reineck et al. (2003). A statistical data
analysis was conducted to evaluate the shear strength results that were normalized to the
square and cube root of compressive strength.

General Observations.

No significant difference was distinguished in crack patterns, crack propagation,
and load-deflection patterns of the various beams. In all cases, failure in shear was the
governing mechanism that took place when the inclined flexural-shear crack reached the
compression zone of the beams close to the loading plate. Based on the data obtained
from strain gauges, it was observed that none of the longitudinal reinforcing bars reached
yield stress at the time of failure. Crack patterns and distributions at the time of failure
are shown in Figure 2.

Figure 3 presents the measured mid-span deflection as a function of the applied
load. A steep linear elastic trend was observed before the initiation of flexural cracks,
which is indicated by point A for each load-deflection diagram. However, increasing the

load resulted in critical flexural-shear cracks, which led to failure in shear.
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Comparison of Test Results with Structural Design Codes.

Table 6 presents the compressive strength results obtained from the testing of the
companion cylinders measuring 100200 mm at the time of beam testing. This table also
summarizes the shear force results at the time of failure (Viest). The Viest/ Vcode Values that
correspond to AASHTO LRFD (2010), ACI 318 (2011), AS 3600 (2009), CSA (2004),
Eurocode 2 (2005), and JSCE (2007) codes are also presented in Figure 4 to 9.

For the CC beams, the average Viest/ Vcode Values ranged from 1.0 in the case of
the AASHTO LRFD (2010) and CSA (2004) to 1.5 for the ACI 318 (2011). The average
Viest/ Vcode Value for the FA50 beams ranged from 1.01 for AASHTO LRFD (2010) to
1.34 for the ACI 318 (2011) code. In the case of the RCA50 beams, the average test-to-
code ratio varied from 1.05 for CSA to 1.37 for ACI. The same comparisons for SC
beams showed that Viest/ Vcode varied from 0.90 to 1.25 for AASHTO and ACI,
respectively. The maximum Viest/ Vcode Values were observed for the ACI 318 (2011)
prediction, indicating that this standard can underestimate (conservatively) the shear
capacity of the investigated beams. The JSCE (2007) standard was also conservative and
resulted in average test-to-code ratios ranging from 1.14 to 1.28. The predictions obtained
through the AS-3600 (2009) and Eurocode 2 (2005) are also in good agreement with
experimental data with most of the average Viest/ Vcode Values slightly higher than 1.0.
The AASHTO LRFD (2010) and CSA (2004) on the other hand, resulted in test-to-code
shear ratios close to or slightly less than 1.0. In other words, care must be taken while
incorporating these codes to determine the shear capacity of such concrete.

The average values of Viest/ Vcode Were 1.12, 1.13, 1.17, and 1.03 for the CC,
FA50, RCA50, and SC beams, respectively. A 10% decrease in the test-to-code ratio of
the SC specimens indicated that the existing codes overestimated the shear capacity of
the SC beams in comparison with other mixtures.

Comparing Test Results with Shear Test Database.

The main factors that affect the shear strength of a reinforced concrete element

are the depth of member (d), the shear span to depth ratio (a/d), the compressive strength

of the concrete (f'¢), and the amount of longitudinal reinforcement (p). The experimental
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results were compared with the shear test database presented by Reineck et al. (2003) to
evaluate the effect of the aforementioned factors on the shear capacity of the beams. The
database summarizes 439 test results obtained by testing the shear performance of the
beam specimens with a wide range of properties, including: (1) concrete compressive
strength ranging from 12.0 to 110 MPa; (2) member depth varying from 100 to 2000 mm;
(3) shear span to depth ratio of 2.4 to 8.0; as well as (4) longitudinal reinforcement ratio
of 0.5% to 7.0%.

Figure 10 plots the shear stress as a function of f'c, p, d, and a/d, respectively. A
regression analysis was conducted to fit a nonlinear curve through the data points. The
figure indicates that the results obtained through this study fall within the middle part of
the data points and are in line with the general trends of the database.

It was observed that the shear strength exhibited a slight increasing trend due to
the increase in compressive strength. This is in line with the general behavior of the data
represented by the trend line. The highest compressive strength of 35.5 MPa was
observed for the RCA50 concrete, followed by FA50, SC, and CC concrete with
compressive strength values of 32.4, 30.8, and 29.0 MPa at the time of testing,
respectively. A similar trend was observed for the shear strength values, where the
highest and the lowest average shear strength values were observed for the RCA50 and
CC beams, respectively.

Regarding the effect of d on shear strength, it was observed that the experimental
data followed the trend of the database, and the increase in d from 375 to 400 mm
resulted in an average decrease in shear strength from 1.33 to 0.97 MPa. According to the
data presented in the database, it may be concluded that an increase in a/d tends to reduce
the shear strength. However, considering the data obtained through experiments, it may
be concluded that a slight increase in shear strength is observed due to an increase in a/d
from 3.1 to 3.25. The variations in shear strength due to the longitudinal reinforcement
ratio also follow the trends obtained for the database. Studying the plotted experimental
data reveals the fact that an increase in p from 1.27% to 2.71% enhances the average

shear strength of the beams.
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Comparison of Measured Reinforcement Strains with AASHTO LRFD (2010).
AASHTO LRFD Standard (2010) proposed Equation 1 to determine the tensile

strain in the longitudinal reinforcing steel:
5] 1o
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€2 = B (1)

Table 6 presents strain gauge measurements at the center of the shear test zone
compared to the values obtained from Equation (13-1). The AASHTO LRFD (2010)
equation makes an acceptable prediction of strain values for the SC, CC, and the FA50
beams. Figure 11 also presents the ratios of the code-to-experiment steel strain values
(E;—Eq

TEW}. The average code-to-experiment values for these concrete types varied from
=5

0.87 to 0.93. This means that the AASHTO LRFD (2010) model is applicable for the SC
beams as well as the CC and FA50 beams. The best prediction was observed for the
RAC50 beams with an average equation-to-experiment ratio of 1.00.

Comparison of Test Results with Fracture Mechanics Approaches.

Gastebled and May (2001), Bazant and Yu (2005), and Xu et al. (2012) suggested
employing a fracture mechanics approach to assess the shear capacity of reinforced
concrete beams that are not reinforced with stirrups in the shear zone. The model
proposed by Bazant and Yu (2005) determines the shear capacity of reinforced concrete
beams cast without stirrups (Equation 2). Equation 3, developed by Gastebled and May
(2001) is based on fracture energy for splitting crack propagation that leads to releasing
the longitudinal reinforcing bars from the surrounding concrete. Moreover, Equation 4,
proposed by Xu et al. (2012) is originated from the fracture energy needed to release the

interface bond between the rebar and concrete.
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Figure 12 compares the Viest/\VVeq values for the introduced models. Most of the
investigated models predicted the shear capacity of the beams conservatively. The ratio
of the experimental-to-predicted results (Vtst/Veq) from the models developed by Bazant
and Yu (2005), Gastebled and May (2001), and Xu et al. (2012) ranged from 1.04 to 1.45,
1.0 to 1.60, and 0.89 to 1.54, respectively (Figure 12). Furthermore, this comparison
shows that, similar to the design code shear strength comparisons, the Viest/Veq for the
majority of SC beams are generally lower than those for the rest of the beams. More
importantly, it seems that the various fracture mechanics models are applicable for all
beam types.
Comparison of Test Results with the Modified Compression Field Theory Method.

The modified compression field theory (MCFT) evaluates the load-deformation
behavior of two-dimensional cracked reinforced concrete in shear. Several codes,
including the AASHTO-LRFD (2010) and CSA (2004), have recommended simplified
versions of this method. The results predicted by the MCFT are compared to the
experimental data in this section. Based on the data presented in Figure 12, it can be
observed that the MCFT method underestimates the shear capacity of the investigated
beams. Similar to both shear provisions of the codes and the fracture mechanics
approaches, the MCFT method shows lower ratios (Vist/Veq) for the SC beams
compared with the rest of the beams. The test-to-equation values range from 1.19 to 1.37,
1.2 to 1.49, 1.04 to 1.43, and 1.03 to 1.28 in the case of the CC, FA50, RCA50, and SC
beams, respectively.

Statistical Data Analysis.

A statistical data analysis was conducted to determine the statistically significant
variations between the normalized shear strength results. Such an analysis enables us to
make sure that the conducted comparisons and derived conclusions are robust and not
due to experimental errors and noise in data. The effect of compressive strength on shear

capacity is taken into account by normalization to the results of f¢c. It is generally
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believed that shear capacity is a function of the square root of f'¢ (ACI 318-11, AASHTO
LRFD-10, CSA-04, and JSCE-07) or cube root of f'¢c (AS 3600 -09 and Eurocode 2-05).
Analysis of variance (ANOVA) was conducted based on F-test as means of comparing
the normalized shear strength values. A statistical analysis software (SAS 9.3) was used
to test the following hypotheses at 0=0.05 significance level:
Ho: there is no significant difference in the mean shear strength of the CC beams and that
of the SC ones
Ha: the assumption of Ho is not correct
Statistical analysis relies on the fact that a calculated P-value less than the significance
level means that the factor or the interaction between factors will be statistically
significant, while a P-value greater than the a=0.05 threshold reveals the fact that such a
particular factor or interaction will not be statistically significant (Sadati and Khayat,
2014). In other words, a P-value less than 0.05 means that there is less than a 5% chance
that the observed behavior is due to noise, ensuring that the effect will be statistically
significant. It should be noted that conducting ANOVA requires the data to follow a
normal distribution (Montgomery, 2008). Therefore, the Kolmogorov-Smirnov and
Anderson-Darling methods of testing for normality were incorporated using a statistical
software (Minitab 17) to make sure that the data follow a normal distribution.
The P-values obtained for the cube root and square root normalized values were higher
than 0.15 according to Kolmogorov-Smirnov. Moreover, the P-values were 0.237 and
0.355 based on Anderson-Darling method, respectively. These observations indicate that
the data are normally distributed and ANOVA results would be valid. A summary of the
ANOVA results is presented in Table 7.

Based on the data presented in Table 7, it can be concluded that, for both the
square root and cube root normalizations, the concrete type (CC vs. SC) plays a
significant role in normalized shear strength with P-values less than 0.05. In other words,
the null hypothesis will be rejected, and it could be concluded that the normalized shear
strength of the SC beams is statically less than that of the CC beams.
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Given the observed P-values for the steel content, it can be observed that the
longitudinal reinforcement ratio also plays a significant role for the shear strength of
beams, and an increase in p enhances the shear capacity of the beams. This is in line with
the observations of Lee and Kim (2008) who reported an increase in the shear capacity of
reinforced concrete beams cast with minimum shear reinforcement due to an increase in
the longitudinal reinforcement ratio. However, there is no significant interaction between
the concrete type and p with P-values higher than a significance level of 0.05.

Several sets of contrast vectors were incorporated to compare the normalized
shear capacity of the CC, SC, FA50, and RCA50 beams in the SAS software as
summarized in Table 8. This was conducted to determine if there is any statistically
significant difference between the normalized shear strength of different beams fabricated
with various concrete types. In the case of the square root normalizations according to
ACI 318 (2011), AASHTO LRFD (2010), CSA (2004), and JSCE (2007), it was
observed that the shear capacity of the SC beams is statistically less than that of the CC
and FA50 beams with P-values of 0.0084 and 0.0153, respectively. None of the other
contrasts were significant at a 0.05 significance level. In other words, the differences
between the shear strength of the CC and FA50, CC and RCA50, FA50 and RCA50, and
SC and RCA50 beams are not statistically significant.

Regarding the cube root comparisons that comply with AS-3600 and Eurocode 2,
it was observed that the mean shear capacity of the SC beams is statistically less than
those of the CC, FA50, and RCA50 beams with P-values of 0.0121, 0.0045, and 0.0209,
respectively. None of the other contrasts were significant. This means that there is no
statistically significant difference in the cube root normalized shear strength of the CC
and RCA50, CC and FAS50, and FA50 and RCA50 beams.

Based on the statistical data analysis, it can be concluded that the shear strength of
the SC was statistically lower than the CC beams. On average, a 10%, 18%, and 16%
decrease in shear capacity was observed for the SC beams in comparison with CC, FA50,
and RCAS50 specimens, respectively.
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REMARKS

This paper compares the shear strength of concrete proportioned with 50% fly ash

and 50% RCA, which is referred to as sustainable concrete (SC), to conventional

concrete, concrete with 50% fly ash, and concrete with 50% RCA. The results presented

in this study are providing a better understanding of the performance of such sustainable

concrete mixtures for potential structural applications. The data obtained through testing

24 full-scale beams were analyzed. The beams had a longitudinal reinforcement ratio

ranging between 1.27% and 2.71%. Based on the results obtained in this study, the

following conclusions are warranted:

The compressive strength of the concrete at the time of testing at 28 days was
29.0, 30.8, 32.4, and 35.5 for the CC, SC, FA50, and RCA50 specimens,
respectively.

The values of strain in the longitudinal reinforcement bars were in good
agreement with theoretical measurements based on AASHTO LRFD. The
average registered strain varied from 772 to 948, 870 to 1147, 866 to 1088,
and 875 to 1232 pe, for the CC, FA50, RCAS50, and SC concrete types,
respectively.

A statistical data analysis indicates that there is no significant difference
between the normalized shear strength values when comparing the behavior
among the CC, FA50, and RCA50 beams. However, the comparison of the
shear strength of the SC beams to the CC, FA50, and RCA50 specimens,
indicated a 10%, 18%, and 16% reduction in shear strength, respectively.

All beams exhibited similar load-deflection trends, crack patterns, and crack
propagation.

The shear strength values were conservatively predicted using the ACI 318
(2011) and JSCE (2007); the shear strength of the SC beams was
overestimated by up to 10% using the AASHTO LRFD (2010) and CSA
(2004).
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e The experimental results obtained for the specimens were slightly higher than
the values estimated by the fracture mechanics approaches, suggesting that
these methods can provide a safe estimation of shear strength. The ratios of
experimental-to-predicted shear strength results (Vtest/\VEQ) based on the
models developed by Bazant and Yu (2005), Gastebled and May (2001), and
Xu et al. (2012), varied from 1.04 to 1.45, 1.0 to 1.60, and 0.89 to 1.54,
respectively.

e Slightly higher shear strength results were observed for the four tested
concrete types compared to the MCFT predictions. The average ratio of
experimental-to-predicted shear strength (Vtest/VEQ) based on the MCFT
approach was 1.31, 1.33, 1.27, and 1.15 in the case of the CC, FA50, RCA50,
and SC beams, respectively.

e Evaluating the shear performance of sustainable concrete based on both the
fracture mechanics and MCFT approaches for design and/or control
applications is recommended.

e The results presented here should be of interest to owner agencies and
engineers who are considering the design and use of sustainable concrete for

structural applications.
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Table 1 Summary of shear performance of RCA-made concrete

RCA b d h dmax P e \Y/
Author @ mm) mm mm 20 mm) mm) vPa)  N)
170 270 300 1.5 25 1.1 39.6 83.5
170 270 300 2.0 25 1.1 30.6 65.2
Han et al. (2001) 100 170 270 300 2.0 25 1.1 32.6 60.6
170 270 300 3.0 25 1.1 31.2 42.7
170 270 300 4.0 25 1.1 31.9 31.7

Belén and

Fernando (2007) 50 200 303 350 3.3 25 3.0 39.7 90.6
Etxeberria and 25 200 303 350 3.3 25 2.9 42.4 104.0
Vazquez, (2007) 50 200 303 350 3.3 25 2.9 41.3 89.0
! 100 200 303 350 3.3 25 2.9 39.8 84.0
Ji et al. (2008) 100 170 270 300 2.2 - 1.1 39.7 60.0
200 300 375 1.5 19 1.0 41.6 186.7
635 200 300 375 2.0 19 15 41.6 169.5
200 309 375 2.7 19 1.62 41.6 103.9
200 305 375 4.0 19 2.46 41.6 83.2
200 300 375 1.5 19 1.0 49.1 195.3
74.3 200 300 375 2.0 19 15 49.1 179.0
Fathifazl et al. 200 305 375 4.0 19 2.46 49.1 105.6
(2011) 200 201 250 2.7 19 2.0 41.6 89.3
635 200 309 375 2.6 19 1.6 41.6 103.9
200 381 450 2.7 19 1.8 41.6 99.5
200 476 550 2.7 19 1.7 41.6 104.6
200 201 250 2.7 19 2.0 49.1 122.6
74.3 200 381 450 2.7 19 1.8 49.1 111.7
200 476 550 2.7 19 1.7 49.1 119.6
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Table 1 Summary of shear performance of RCA-made concrete (cont.)

150 200 230 3.8 19 13 41.8 44.0

50 150 200 230 3.8 19 13 41.8 39.1

150 200 230 3.8 19 13 37.4 43.7

Knaack and 150 200 230 3.8 19 13 37.4 41.2
Kurama (2014) 150 200 230 3.8 19 13 39.1 36.4
100 150 200 230 3.8 19 13 39.1 38.0

150 200 230 3.8 19 13 39.2 39.9

150 200 230 3.8 19 13 39.2 36.1

305 400 460 3.1 25 1.27 30.0 114.8

305 375 460 3.25 25 1.27 30.0 143.2

Arezoumandi et 100 305 375 460 3.25 25 2.03 30.0 131.4
al. (2014) 305 400 460 3.1 25 2.03 34.1 113.0
305 375 460 3.25 25 2.71 34.1 124.1

305 375 460 3.25 25 2.71 34.1 140.3
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Table 2 Aggregate properties
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Coarse Coarse

- Sand RCA" RCA™
aggregate aggregate
Bulk
specific 2.52 2.72 2.63 2.23 2.35
gravity
Absorption
%) 3.20 0.98 0.4 6.30 4.56

*Beams with 50% RCA and 50% fly ash (SC beams)
**Beams with 50% RCA (RCA50 beams)

Table 3 Chemical composition and physical properties of cement and fly ash

Property Cement Fly ash
SiO2, % 21.98 33.46
Al203, % 4.35 19.53
Fe203, % 3.42 6.28
Cao, % 63.97 26.28
MgO, % 1.87 5.54
SO3, % 2.73 2.40
Na2O eq., % 0.52 1.43
Blaine surface area, m?/kg 410 490
Specific gravity 3.15 2.73
LOI, % 0.6 0.34




Table 4 Concrete mixture proportions

Calcium  Coarse Recycled
Mixt Water  Cement wilem ClassC fly Gypsum hvdroxide agareqate coarse Sand HRWR AEA
IXWIe  kgime)  (kg/m?) ash (kg/m?)  (kg/m?®) garegate gregate  (kg/m®  (Um®)  (Um?)
(kg/m®)  (kg/m?) 3
(kg/m®)
CcC 134 337 0.40 - - - 1103 - 735 0.66 0.20
FA5S0 160 210 0.35 210 10 22 1040 - 705 - -
RCA50 127 317 0.40 - - - 581 502 743 2.10 0.77
SC 134 169 0.40 169 - - 529 468 735 0.44 0.15
Table 5 Fresh and hardened concrete properties
Property CcC FA50 RCA5S0 SC
Slump (mm) 115 115 155 120
Air content (%) 55 4.1 6.5 6.0
Unit weight (kg/m3) 2306 2395 2259 2300
c ] 3 days - - - 20.6 (4%)
ompressive
strength (MPa) 28 days 29.0 (4) 324 355 (6) 30.8 (2)
56 days - - - 35.3 (5)
Splitting tensile 28 days 2.9 (20) 3.0  30(17) 1.8 (18)
strength (MPa) 56 days - - - 2.2 (8)
Flexural strength 28 days 2.8 35 3.1 3.3
(MPa) 56 days - - - 3.4

*COV (%)

T.¢



Table 6 Summary of the test results
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€s quarter-point (ue)

Concrete . ,
Beam type Replicate ¢ (MPa) Vst (KN
type P P o ) (00 Experiment AASHTO
P LRFD (2010)
1 29.0 119.7 * 1004
NS-4
2 26.5 113.9 844 954
O NS 1 29.0 1535 989 892
© 2 26.5 144.6 906 840
1 29.0 147.7 726 645
NS-8
2 26.5 143.7 818 626
NS4 1 32.4 127.0 1231 1029
2 335 134.1 1063 1088
3 1 32.4 163.9 1012 928
< NS-6
= 2 335 133.7 727 752
1 32.4 164.8 1037 912
NS-8
2 335 163.7 806 725
1 32.0 117.4 1001 1154
NS-4
2 355 111.6 912 973
§ - 1 32.0 151.2 1080 1064
S 2 355 148.6 1095 1087
1 32.0 171.7 897 821
NS-8
2 355 168.6 834 768
- 1 30.8 1205 1257 1277
) 2 26.6 99.9 1206 1066
o 1 30.8 140.8 1229 1037
) NS-6
2 26.6 1346 1102 989
1 30.8 136.3 854 751
NS-8
2 26.6 116.8 896 647

*: Non-reliable strain gage data



Table 7 ANOVA results at 0.05 significance level
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Analysis Source Type 111 SS Mean Square F Value Pr>F
Concrete 22.77 22.77 27.15 0.0020
ni?;:i;‘i:’;n Steel 69.56 34.78 4147 0.0003
ConcretexSteel 2.99 1.49 1.79 0.2462
Concrete 62.38 62.38 16.14 0.0070
no?;gi;‘;ﬁgn Steel 211.08 105.54 2731 0.0010
ConcretexSteel 9.01 4.50 1.17 0.3735
Table 8 Contrast results at 0.05 significance level
Analysis Contrast Contrast SS Mean Square F Value Pr>F
CCvs. SC 22.77 22.77 9.91 0.0084
CC vs. FAS0 0.24 0.24 0.10 0.7530
Square root  CC vs. RCA50 3.51 3,51 153 0.2400
normalization  FA5Q vs, SC 18.35 18.35 7.99 0.0153
RCA50 vs. SC 8.40 8.40 3.66 0.0800
FA50 vs. RCA50 1.92 1.92 0.84 0.3785
CCvs. SC 62.38 62.38 8.71 0.0121
CC vs. FAS0 2.00 2.00 0.28 0.6067
Cube root  CC vs. RCA50 0.62 0.62 0.09 0.7734
normalization  FABQ vs, SC 86.73 86.73 12.11 0.0045
RCA50 vs. SC 50.55 50.55 7.06 0.0209
FA50 vs. RCAL0 4.85 4.85 0.68 0.4264
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Figure 1 Four-point loading setup, location of instrumentation, and typical reinforcement,
including stirrup over support area and in mid-span region
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Figure 2 Crack patterns at the time of failure
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Figure 3 Mid-span load-deflection of various beam specimens
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Figure 4 Comparing experiment-to-code values derived from AASHTO LRFD (2010)
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Figure 5 Comparing experiment-to-code values derived from ACI-318 (2011)
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Figure 7 Comparing experiment-to-code values derived from CSA (2004)
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Figure 9 Comparing experiment-to-code values derived from JSCE (2007)
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Figure 10 Comparison of experimental data with database reported by Reineck et al.
(2003)
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Figure 11 Comparing equation-to-experiment steel strain values derived from comparison
to AASHTO LRFD (2010)
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APPENDIX B.

BOND PERFORMANCE OF SUSTAINABLE REINFORCED CONCRETE

BEAMS
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RESEARCH SIGNIFICANCE

Concrete is the most widely used construction material. Efforts aimed at
producing environmentally friendly concrete can play a major role in securing sustainable
construction. Candidate technologies for sustainable concrete materials include the
incorporation of supplementary cementitious materials (SCMs), such as fly ash as a
partial replacement for Portland cement, the incorporation of recycled materials in
concrete production, and in particular recycled concrete aggregate (RCA), use of high
strength concrete to reduce dimensions of structural sections, as well as the use of highly
durable concrete to increase service life.

The production of Portland cement is responsible for about 7% of the total
worldwide CO2 emission (Shen et al. 2015). Therefore, partial replacement of Portland
cement with alternative cementitious materials and/or industrial by-products can decrease
the carbon footprint of concrete. Over 900 million tons of construction and demolition
waste is produced yearly in Europe, the U.S., and Japan (WBCSD 2012). Although using
RCA does not lead to significant reduction in CO> emission, it can significantly
contribute to the reduction of the depletion of natural resources (virgin aggregate) and
decrease the need for landfills.

When using high volume of RCA and SCMs, it is necessary to understand the
structural performance of such new class of concrete materials. Given the importance of
force transfer between the reinforcing bars and surrounding concrete, it is necessary to
study the effect of such modifications in concrete mixture on bond strength. Bond
strength between the concrete and reinforcing steel affects the transverse crack
development, tension stiffening, flexural curvature, strength of end anchorages, lapped
joints, and rotation capacity of plastic hinges (Zhao et al. 2015).

Bond strength is a function of chemical adhesion, friction between the rebar
surface and surrounding concrete, and interlocking between the concrete and ribs on
rebar surface (Desnerck et al. 2015). The chemical bond between the concrete and steel
surface is the result of chemical reactions that take place during the curing period and is

the governing mechanism in the case of plain reinforcing bars. The initiation of cracks in
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the interface between the rebar and concrete reduces the chemical bonding drastically.
The mechanical mechanisms of stress transfer between the reinforcement and
surrounding concrete, i.e. the friction and interlocking are the governing mechanisms
afterwards, especially for deformed reinforcing bars (FIB 2010, Eligehausen et al. 1983,
Taerwe and Stijn 2013, Rehm and Rolf 1979, Bazant and Sener 1988). Depth of concrete
cover, concrete properties, bar diameter, quality of rebar surface in terms of corrosion
status, confinement, casting position (top-bar effect), etc. affect the bond strength (Alonso
et al. 1998, Cairns et al. 2007, Mangat and Elgarf 1999, Vidal et al. 2004, Khayat and
shutter 2013).

There are four test methods that are most commonly used for determining the
bond strength between reinforcement and concrete; (1) pull out specimens, (2) modified
cantilever beam, or beam-end tests, (3) beam anchorage, and (4) splice specimens (ACI
408 2003). For the pull out specimens, the concrete surrounding the rebar will experience
compressive stresses while the rebar is in tension. Moreover, formation of compressive
struts between the support points for the concrete and the rebar surface will exert
compressive stresses to the bar surface. These conditions may affect the results obtained
through the pull out test method. The beam-end testing is considered as a simple test
method that generally duplicates the stress state of the concrete members; the rebar and
cover concrete are exposed to tensile stresses at the same time. Results obtained through
testing beam-end tests are typically higher than those of the splice beams (ASTM A944
2015). The last two methods, i.e. the anchorage beam and the splice beams are providing
the most realistic estimations of the bond strength between the reinforcing bars and
concrete. However, these methods necessitate the fabrication and testing of large scale
reinforced concrete beams (ACI 408 2003).

Several studies are devoted to investigating the bond between concrete and
reinforcement in concrete mixtures produced with recycled concrete aggregate (RCA)
using pull out and beam-end tests. However, limited data are available for full-scale beam
tests. Xiao and Falkner (2007) used pull out samples to investigate bond strength of
concrete made with 0, 50%, and 100% RCA replacement. Three different RCA sources



285

were incorporated to produce concrete mixtures with water-to-cementitious materials
ratio (w/cm) of 0.43. The total cementitious materials content was 430 kg/m? (725 Ib/yd®)
for investigated mixtures and both the plain and ribbed reinforcing bars were employed.
The compressive strength of concrete was 44, 40, and 35 MPa (6380, 5800, and 5075 psi)
for the Reference, 50% RCA, and 100% RCA mixtures, respectively. The authors
reported similar load-slip relations for control samples and those cast with RCA. It was
reported that with the increase in RCA content to 50% and 100%, the normalized bond
strength reduced by 7% and increased by 5%, respectively for the samples fabricated with
plain bars. However, in the case of the specimens cast with deformed bars, the
normalized bond strength increased by 4% and 12% with 50% and 100% RCA
replacement, respectively. Breccolotti and Materazzi (2013) investigated bond strength of
concrete produced with 0, 50%, and 100% RCA. RCA was produced from crushing the
test residuals of a concrete laboratory. Initial compressive strength of 30 to 33 MPa (4350
to 4785 psi) was reported for parent concrete specimens. Concrete mixtures were
proportioned with w/cm of 0.45 and 0.50. The compressive strength of the samples
ranged between 37 and 56 MPa (5365 and 8120 psi). Authors reported no significant
difference between the normalized bond strength of the Reference concrete and the
mixtures proportioned with 50% and 100% RCA. Butler et al. (2011) investigated bond
strength of concrete produced with 100% RCA replacement. Two types of commercial
RCA were used for producing concrete mixtures with target compressive strength of 30
and 50 MPa (4350 and 7250 psi). Beam-end specimens were fabricated to determine the
bond strength between the concrete and reinforcing bars with 25 mm (#8) diameter. The
authors reported that bond strength of the Reference samples proportioned without any
RCA were between 9% and 19% higher than those of mixtures made with 100% RCA
(Butler et al. 2011).

Limited studies are devoted to the bond strength of high-volume fly ash concrete
(HVFAC). Arezoumandi et al.?° studied the bond strength of HVFAC made with 70% of
Class fly ash C replacement. The authors used pull out specimens fabricated with

deformed bars of 13 and 19 mm (#4 and #6) diameter. Splice beams were also cast both
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with and without confinement to determine the bond strength between concrete and
deformed bars measuring 19 mm (# 6) in diameter. Concrete mixtures were proportioned
with w/cm of 0.45. The 28-d compressive strength of the Reference and 70% fly ash
mixtures were 39 and 31 MPa (5655 and 4500 psi), respectively. No significant
difference was reported between the pull out results of the Reference samples and those
cast with 70% fly ash. However, 17% and 20% increase in normalized bond strength was
observed due to the incorporation of 70% fly ash for the unconfined and confined beams,
respectively. Similar crack pattern, load-deflection, and load-slip behavior was reported
for both the Reference and high-volume fly ash (HVFA) mixtures.

Zhao et al. (2015) studied the bond strength of concrete proportioned with Class F
fly ash contents ranging from 0 to 70%. Concrete mixtures were produced with w/cm of
0.30, 0.34, and 0.41 to determine bond strength using pull out samples. Plain steel bars
measuring 12 mm (#4) in diameter and deformed rebars of 12 and 20 mm (#4 and #6)
diameter were used for casting 150 mm (6 in.) cubic pull out samples. Authors reported
that the specimens fabricated with plain and deformed 12 mm (#4) bars cast with w/cm of
0.41 exhibited pull out failure. Samples cast with w/cm of 0.3 failed due to yielding of
the reinforcement. However, in the case of the w/cm of 0.34, samples with fly ash
contents of more than 50% exhibited pull out failure and those cast with less than 50% of
fly ash failed due to yielding of the steel (Bazant and Sener 1988). The authors reported
that all samples cast with deformed 20 mm (#6) bars failed due to splitting of concrete.
Regarding the bond-slip behavior, it was reported that in the case of the plain bars of 12
mm (#4) diameter, increasing the fly ash content up to 70% reduced bond strength. It was
observed that the residual bond strength decreased from 50% to 23% of the ultimate bond
strength due to increase in fly ash content from 0 to 70%. In the case of the deformed 12
mm (#4) bars, variation in fly ash content had no significant effect on bond-slip behavior.
The residual bond strength was also constant (about 25% of ultimate bond strength)
(Zhao et al. 2015). Regarding the effect of fly ash content on normalized ultimate bond
strength, no significant effect was detected due to increasing the replacement ratio from 0

to 30%. The increase in fly ash content from 30% to 60% resulted in up to 40% increase
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in normalized ultimate bond strength followed by up to 17% decrease due to increasing
the fly ash content from 60% to 70% (Zhao et al. 2015).

With the increase in use of sustainable concrete made with RCA and fly ash, more
information regarding the structural behavior of such material is required for safe
implementing. The research presented here contributes to the evaluation of bond strength
of concrete containing HVFA and high volume of RCA. Most of the studies concerning
the bond strength of RCA-made concrete are based on simple pull out specimens. There
are limited studies that consider the fabrication of full-scale splice beams for determining
the bond strength of reinforced concrete with RCA. Results obtained from testing full-
scale splice beams prepared with 50% Class C fly ash and 50% RCA are compared to
those of beams cast with no RCA or fly ash or only one of these two components. This
study is part of an effort to investigate the performance of sustainable concrete materials
produced with at least 50% replacement of industrial by-products and recycled aggregate
for transportation infrastructures. Therefore, the limits of 50% RCA and 50% fly ash
were employed. The results presented here should be of interest to owner agencies and
engineers considering the design and use of sustainable concrete for structural
applications. It should be noted that the research presented in this appendix was
conducted in collaboration with Dr. Jeffery Volz and his research group at Missouri
University of Science and Technology. More details on experimental program and test
results are presented by Volz et al. (2014) and Arezoumandi et al. (2015).

EXPERIMENTAL PROCEDURE
Materials and Mixture Proportions.

The CC mixture was proportioned with ASTM Type | portland cement, crushed
limestone aggregate with a maximum aggregate size of 25 mm (1 in.), and natural
siliceous river-bed sand. The SC and FA50 mixtures incorporated Class C fly ash from a
local source in Missouri. The RCA used for the production of the SC was obtained from
crushing 30-to-40 year old concrete pavement mixed with 60-to-120 day old ready mix
concrete residuals. The RCA employed for casting RCA50 beams was produced in the
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laboratory. Figure 1 presents the particle size distribution of the coarse aggregate. Two
different types of RCA were used to examine the effect, if any, of the type of recycled
aggregate. Physical properties of the virgin aggregate and RCA are presented in Table 1.
Table 2 summarizes the characteristics of the selected cement and fly ash. Grade 420
(Grade 60) longitudinal and shear reinforcement steel complying with ASTM A615
(2012) was used. The properties of the steel bars are summarized in Table 3.

Table 4 summarizes the concrete mixture proportions. The CC, SC, and RCA50
mixtures were proportioned with w/cm of 0.40. The FA50 concrete had w/cm of 0.35. In
the case of the FAS50 mixtures, gypsum and calcium hydroxide were added to enhance
early age strength development (Bentz 2010). These two powder additives result in the
formation of calcium-silicate-hydrate (C-S-H) to compensate for potential reductions in
C-S-H concentration as a result of 50% fly ash replacement (Bentz 2010). Concrete was
delivered by a local ready mix concrete supplier. Table 5 presents the properties of the
investigated mixtures. The RCA50 and SC concrete mixtures have higher air content
compared to the FA50 and CC mixtures. In addition to the incorporation of air-entraining
admixture in these two mixtures, the higher air content in the fresh state, may be due to
the higher water absorption (void structure) within the recycled concrete aggregate, given
the residual mortar phase of RCA. Air content directly affects material properties,
including compressive strength. The values of compressive strength were employed to
normalize bond test values.

Specimen Design.

All specimens were cast with rectangular cross sections measuring 3,000 mm
(120 in.) in length, 300 mm (12 in.) in width, and 460 mm (18 in.) in height, as presented
in Figure 2. Three beams were considered for each mixture type. Two of these beams
were cast as replications for each concrete mixture with splice located at bottom part of
beam, and an additional beam was cast upside down to simulate the top-bar effect for all
mixtures (except for the RCAS50 concrete). A splice in longitudinal reinforcement was
located in the middle of the span, within the area of the maximum flexural stress. Beams
were designed with constant longitudinal reinforcement ratios of 0.62% to prevent failure
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in flexure. Care was taken to ensure maintaining the reinforcement amount within the
criteria introduced by ACI-318 (2014). Three reinforcing bars measuring 19 mm (#6) in
diameter were employed for tensile reinforcement, as illustrated in Figure 2. Besides, U
type stirrups were employed for shear reinforcement, as depicted in Figure 2. However,
no stirrups were considered for the splice area to ensure unconfined splice conditions.
Clear concrete cover of 38 mm (1.5 in.) was considered for the longitudinal
reinforcement. A splice length of 360 mm (14.5 in.) was selected corresponding to 70%
of the development length proposed by ACI-318 (2014) to ensure that failure in bond
would occur. Equation 1 proposed by ACI-318 (2014) was incorporated for the
calculation of the development length:
3
b

I;_' — o L S
41 .‘:_:Jﬁ_.f {“f.!: ;I_ rrJ (1)

=

%

Fabrication and Curing of Test Specimens.

Beam fabrication and testing was conducted at the High-Bay Structural Research
Laboratory at the Civil, Architectural, and Environmental Engineering Department at
Missouri University of Science and Technology. The concrete was delivered to the
laboratory by ready mix trucks in batches measuring 0.75 m® (1.0 yd®). The measured
concrete slump was 115, 125, 165, and 110 mm (4.5, 5.0, 6.5, and 4.5 in.) for CC, FA50,
RCAS50, and SC mixtures, respectively. The beams were cast in two layers and properly
consolidated using internal vibration. At the end of casting, wet burlap and plastic sheet
were used to cover the specimens. Knowing that compressive strength may reduce in SC
mixture, such a curing regime was extended for the beams cast with SC mixture to secure
comparable strength gain with rest of the investigated mixtures. In the case of the CC,
FA50 and RCA50 beams, the curing regime included four days of moist curing using wet
burlap, followed by storage at 21 + 3°C (70 + 5°F) and relative humidity of 40% + 10%
up to the age of testing.
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Test Setup and Procedure.

A load frame was designed for the four-point loading of the beams. The set up
was equipped with a pair of 490 KN (110 kips) servo-hydraulic jacks. Displacement
controlled mode at a rate of 0.50 mm/min (0.02 in./min) was selected for applying the
load. Beams were supported with a combination of a roller-type and a pin support, at
distance of 300 mm (12 in.) from the two ends. The combination of the two point loads
and the two supports resulted in the desired four-point loading system. A linear variable
differential transformer (LVDT) was employed for measuring mid-span deflection. Strain
gauges were also incorporated to monitor strain in reinforcing bars at both ends of the
splice region. The loading configuration and positions of the strain gauges are depicted in
Figure 2. Formation of cracks was monitored, and cracks were marked at load increments
of 22 KN (5 kips). Deformation and registered strain values were also monitored up to

failure.

EXPERIMENTAL RESULTS AND DISCUSSION

The performance of the various beams is discussed in this section. The steel strain
values measured by the strain gauges and the modulus of elasticity of the reinforcing bars
were used to determine the stress values in longitudinal reinforcement. The bond strength
was then calculated by dividing the stress to the surface area of the reinforcing bars in
contact with surrounding concrete. Measured steel strain values are compared to
predicted values derived from models developed by Popovic et al. (1973) and ACI-408
(2003). Ultimate bond strength results are compared to values that can be deducted from
various analytical models as detailed in Equations 4 to 9. Experimental data are also
compared to the database developed through the literature survey on bond strength of
concrete made with RCA as well as the database proposed by ACI-408 (2003) for CC
specimens.
General Observations.

In all cases, splitting failure of the concrete was the governing mechanism. Based
on the data obtained from strain gauges, it was observed that none of the longitudinal
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reinforcing bars reached vyield stress at the time of failure. Crack patterns and
distributions at the time of failure are shown in Figure 3. The first cracks occurred at the
area of maximum flexural stress, i.e. maximum moment at the central part of the beam.
Cracks were then propagated all over the area between the two loading points which led
to splitting failure due to the increase in applied load. Figure 4 presents the measured
mid-span deflection as a function of applied load. No significant variation in trends was
observed as a result of incorporation of 50% RCA or 50% fly ash or the combination of
the both, and all beams exhibited similar load-deflection pattern, and the main difference
for various concrete types was the ultimate load at the time of failure.

Analysis of Stress in Reinforcing Steel.

The values of tensile stress at reinforcing bars are reported in Table 6. These
values are derived from the average strain values recorded by the gauges installed at the
start of each splice as illustrated in Figure 2. Results are compared to the analytical data
deducted from models derived from moment-curvature method. The first model is
suggested by Popovic et al. (1973) and the second one is the Hognestad stress-strain
curve as suggested by ACI-408 (2003), as detailed in following equations.

- (2)
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It was observed that the model proposed by Popovic et al. (1973) underestimates
the steel stress by 22%, 18%, 15%, and 8% for the CC, FA50, RCA50, and SC beams,
respectively. Similar conclusion applies for beams tested for top-bar effect, where the

model proposed by Popovic et al. (1973) underestimated the steel stress by 19%, 14%,
and 6% for the CC, FA50, and SC beams, respectively. In other words, this model
predicts the force transfer between concrete and steel conservatively. The ACI-408
(2003) recommended model (Hognestad stress-strain curve), is in good agreement with
experimental data and slightly overestimated the steel stress of the CC and FA50 (around

2%). In the case of the RCA50 and SC specimens, this model underestimated the steel
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stress by 15% and 5%, respectively. Similar trends were observed for the top-bar effect
samples, where 5% and 3% overestimation was observed for the CC and FA50 beams
respectively, followed by 4% underestimation for the SC ones.

Table 6 presents the ultimate longitudinal reinforcement stress values normalized
to the square root and the fourth root of compressive strength. Several design codes,
including the ACI 318 (2014), AASHTO LRFD (2010), AS-3600 (2009), Canadian
Standard (CSA 2014), and standard of the Japan Society of Civil Engineers (JSCE 2007)
consider the bond strengths as a function of the inversed square root of the concrete
compressive strength. ACI-408%, on the other hand, offers an example of the codes that

consider bond strength as a function of inversed fourth root of f.

Relative comparison of the average normalized steel stress values to those of the
CC beams are presented in Table 6. Based on the data summarized in this table, it can be
concluded that all investigated specimens (FA50, RCA50, and SC) exhibited higher
average steel stress compared to the CC beams. For the square root normalized values,
the average results were 10%, 17%, and 21% higher than CC for the case of FA50, SC,
and RCA50 beams, respectively. Similar trends were observed for the top-bar effect
results where the FA50 and SC beams exhibited 20% and 24% higher stress in
reinforcing steel compared to the CC beam.

Based on the data obtained through fourth root normalization, the average
normalized steel stress of the CC specimens was 21%, 15%, and 13% lower than those of
the FA50, RCA50, and SC beams, respectively. The trend was the same for top-bar effect
samples and the FA50 and SC beams exhibited 31% and 20% higher steel stress
compared to the CC sample.

Influence of Casting Position.

The reduction of bond strength to horizontally anchored or overlapped bars
located in the upper sections of structural elements as opposed to those located near the
bottom is known as the top-bar effect. A high top-bar factor necessitates an increase in
the anchorage length and further contributes to the congestion of some structural sections
(Khayat and Shutter 2013). Top-bar effect occurs due to the accumulation of bleed water
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underneath the reinforcing steel, and/or settlement of the concrete around the fixed bars.
This can result in decrease in bond strength between the steel bar and surrounding
concrete. In other words, under similar loading conditions, the stress transfer from
concrete to reinforcing steel will be inversely affected by this phenomenon, and the
registered stress is expected to be less than the normal conditions.

Variations in stress in reinforcing bars in the case of invert cast SC and FA50
beams in comparison to normal cast ones were limited to 1%. The top-bar effect values
were 1.07, 0.99, and 1.01 for the CC, RCA50, and SC mixtures, respectively. This
indicates that the bond strength of the top cast and bottom cast beams are similar. No
bleeding was observed for the cast concrete. This could be attributed to proper casting
and avoiding excessive vibration, incorporation of fly ash, use of RCA with high
absorption rate, and use of air entraining admixture.

Comparison of Experimental Ultimate Bond Strength with Code Predictions.

According to ACI-408 (2003) recommendation on bond and development length,
precise theoretical models for estimating the bond strength of reinforcing steel are not
fully developed yet. However, effort is devoted to propose simplified models extracted
from experimental data. Several analytical models are proposed in the literature and
design codes to estimate bond strength. Kemp and Wilhelm (1979) proposed Equation 4

to determine the ultimate bond strength of reinforcing steel in concrete:

T, =0.083 X (657 +29¢ / d i + 01914, f /5, (@)

ACI-408 (2003) document proposes several descriptive models to estimate the
bond strength, which are elaborated here. Equation 5 proposed by Orangun et al. (1975)
provides a model for determining the ultimate bond strength as a function of geometry
and compressive strength of concrete for unconfined conditions where no stirrups are
provided in the overlap bond region of beams. Darwin et al. (1992) incorporated the data
obtained from a large database, including 133 unconfined splice specimens as well as 166
confined ones and observed that the bond strength has a stronger relationship with the
fourth root of f’¢ rather than the typically recommended square root of f’c. Based on the

observations, Darwin et al.3! recommended Equation 6 for estimating bond strength as a
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function of material properties and geometry of specimens. Zuo and Darwin (1998, 2000)
proposed Equation 7 for estimating bond strength of unconfined reinforcing bars which
was derived from regression analysis of database composed of 171 test points. Esfahani
and Rangan (1998a, 1998b) proposed Equation 8 for determining bond strength of bars
that are not confined by stirrups for the case of concrete mixtures with compressive
strength of no more than 50 MPa (7250 psi). ACI-408 (2003) also proposed an equation
based on the database gathered by the committee (Equation 9) that is based on some
slight modifications to Equation 7 proposed by Zuo and Darwin (1998, 2000).
Experimental results obtained through the present study for sustainable concrete materials

are compared to the models proposed through Equations 4 to 9.

1L Fi i
—£.=0.101+0268 =24 44 = (5)
JF; 4, Ly
T A : - - .
f.-;zs - fEI:?t.J-::F-Ss = [151 (6 + 054, ) +514, ] ('D,lﬁ T 'DH‘}) (6)
4 = g e o
T Abf " . s . [:-' ¥ ¥ ]
1{:;“ _ f;u_;s — [1.431 (e, + 0.5d, )+ 56.24,] ({u C:‘“ % G.‘}ﬂ‘) @
: : (o0 + 050 (14 = .
izf’l&};:zl?ﬂ!i S b ( MJ (n.izg‘"”—""‘+{a.saj @®)
JE VR (S +3.6) (185 +0,024M) Epmin -
ful
Tﬁ Abf;' . i i ; Cpm | i
P = o = [1.431 ,(g,,;,, +0.5d, ) +57.44,] ({Li i E'.‘S‘D\) 9)

Figure 5 compares the obtained code/experiment values. The model developed by
Esfahani and Rangan (1998a, 1998b) overestimated bond strength of CC, FA50, RCA50,
and SC beams by 81%, 49%, 59%, and 60%, respectively. The model proposed by Kemp
and Wilhelm (1979) also overestimated the average bond strength of the investigated
mixtures by 36%, 24%, 12%, and 15% for the CC, FA50, RCA50, and SC beams,
respectively. The model proposed by Orangun et al. (1975) slightly overestimated the
bond strength of the CC (by 3%). The rest of the predictions made by this model were
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conservative, and the bond strength of the FA50, RCA50, and SC beams were
underestimated by 6%, 15%, and 13%, respectively.

Models proposed by Darwin et al. (1992), Zuo and Darwin (1998, 2000), and
ACI-408 (2003) were in good agreement with experimental data for the CC beams and
estimated bond strength of the CC beams conservatively (about 5% difference).
Predictions made by these models were also similar for the rest of beams. On the average,
these models underestimated the bond strength of the FA50, RCA50, and SC beams by
21%, 17%, and 16%, respectively.

As a summary, the models developed by Orangun et al. (1975), Darwin et al.
(1992), Zuo and Darwin (1998, 2000), and ACI-408 (2003) conservatively predicted the
ultimate bond strength of the studied mixtures. However, the rest of the investigated
models, including the one proposed by Esfahani and Rangan (1998a, 1998b) and the
model proposed by Kemp and Wilhem?® were overestimating the ultimate bond strength
of the beams up to 81%.

Comparison of Experimental Results to Database.
ACI-408 database of CC specimens.

ACI-408 (2003) proposed a database illustrated in Figure 6 for splice beam
specimens cast with CC. The database presents stress in longitudinal steel as a function of
f’c. Statistical analysis software (SAS 9.3) was employed to produce the 95% confidence
interval of the points presented in database as well as to fit a non-linear regression curve.
The upper and lower borders of the confidence interval represent the area in which it is
expected with 95% certainty to observe the value of the predicted parameter of interest. It
was observed that the data obtained through experiments follow the general trends of the
database presented as an average trend line in Figure 6. However, only the FA50 data fell
within the 95% confidence interval and data obtained for CC, RCA50, and SC beams
were below the limits of the confidence interval.

Database of RCA specimens.

Literature survey was conducted to determine the effect of RCA content on bond

strength (Xiao and Falkner 2007, Breccolotti and Materazzi 2013, Butler et al. 2011,
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Ajdukiewicz and Kliszczewics 2002, Kim and Yun 2013, Volz et al. 2014, prince and
Singh 2014, Steele 2014, Fathifazl et al. 2012). Data obtained from testing pull out
specimens, splice beams, and beam-end specimens were analyzed. All investigated
mixtures were proportioned with 100% Portland cement. Maximum size of aggregate
ranged between 13 and 24 mm (0.5 to 1.0 in.). Rebar diameter ranged from 8 to 30 mm
(#3 to #9) with vyield stress values from 383 to 516 MPa (55.5 to 74.8 ksi). The RCA
replacement ranged from 0 to 100% for the investigated data. Values of compressive
strength ranged from 21 to 57 MPa (3045 to 8270 psi) for the investigated mixtures.
Initial observations revealed that the pull out specimens with different RCA
replacement levels exhibited almost identical load—slip behavior to that of specimens cast
without any RCA. No significant trend was observed for variations in bond strength as a
function of RCA content in pull out data. However, most of the data obtained from beam-
end tests revealed decrease in bond strength. Up to 36% reduction in bond strength of
beam-end specimens was reported for concrete made with up to 100% RCA replacement.
Given the fact that most of the studied references used pull out and beam-end
techniques to study bond strength, further investigating was conducted to determine the
effect of RCA content on bond strength of the pull out samples. The relative RCA effect

was defined as described in Equation 10:

Normalized hond strengthof RCA mixiure (10)
Corresponding value for OC sample

B gea=

Results obtained from Equation 10 were then plotted as a function of the RCA
replacement ratio. Figure 7 illustrates the obtained data. Moreover, Table 7 was
developed to summarize the minimum and maximum observed ratios for Re.rca values,
as well as the average values, coefficient of variations, and percentages of the data with
Re-rca values of higher than 1.0. Five categories of RCA replacement were investigated
in the case of the pull out specimens; up to 30% replacement; 50% replacement; 60%
replacement; 75% replacement; and 100% replacement. As summarized in Table 7, the
Re-rca values were ranging from 0.65 to 1.71 for pull out data. However, the average Re.-
rca Values obtained for different categories of RCA content were higher than 1.0 and
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ranged from 1.07 to 1.19. The coefficient of variation (COV) of the Re.rca values varied
between 11.7% and 24%, and the majority of the data points had Re.rca values higher
than 1.0. Results obtained from Figure 7 approved the initial observations and suggest
that there is not enough evidence to prove that the RCA content can necessarily result in
decrease in bond strength obtained through pull out testing. However, in the case of the
beam-end test results, investigated data points exhibited reduction in bond strength due to
use of RCA. This rate of reduction in bond strength ranged from 0 to 36% at 100%
replacement, with an average Re.rca value of 0.86 and COV of 10.1%. Data obtained
through the experiments were also compared to the database presented in Figure 7. The
average value obtained for RCA50, SC, and top-bar effect of SC samples were within the

central portion of the database with Re.rca values ranging from 1.08 to 1.16.

REMARKS

This paper compares the bond strength of concrete proportioned with 50% Class
C fly ash and 50% RCA (SC) with that of either conventional concrete, concrete made
with 50% fly ash, and concrete made with 50% RCA. Data obtained through testing of
11 full-scale beams are analyzed. The beams had longitudinal reinforcement ratio of
0.62%. The compressive strength of concrete ranged from 25 to 44 MPa (3625 to 6380
psi) at age of testing. Bond strength results were compared in both qualitative and
quantitative manners. Based on the results presented in this paper, the following
conclusions are warranted:

e All beams exhibited similar load-deflection trend and crack patterns and
propagation.

e The FA50, RCA50, and SC beams had higher average normalized
longitudinal reinforcement steel stress (between 10% and 21%) compared
with the CC beams.

e The two mixes containing RCA had comparable normalized bond strengths,
indicating that the effect of the two different RCA sources is reflected in the

compressive strength, and thus bond strength of the material.
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The model proposed by Popovic et al. (1973) underestimates the steel stress
by 22%, 18%, 15%, and 8% for the CC, FA50, RCA50, and SC beams,
respectively. ACI-408 (2003) model (Hognestad stress-strain curve) slightly
overestimated the steel stress of the CC and FA50 (around 2%). In the case of
the RCA50 and SC specimens, this model underestimated the steel stress by
15% and 5%, respectively.

The analytical models, proposed by Orangun et al. (1975), Darwin et al.
(1992), Zuo and Darwin (1998, 2000), and ACI-408 (2003) are shown to
provide a conservative prediction of the ultimate bond strength of the
investigated concrete made with high contents of RCA and fly ash. The use of
these models is recommended for estimating bond strength of reinforced
concrete cast with up to 50% RCA and 50% fly ash replacement.

Experimental data were compared to two sets of database for CC and concrete
made with RCA. The experimental data (except for the FA50 beams) fell out
of the 95% confidence interval of the CC database. Due to the scatter in data
of the RCA specimens, it was difficult to make conclusions on general trends.
However, the experimental results fell within the central portion of the RCA
database.

Potential effect of casting position on bond strength was investigated. No sign
of top-bar effect was observed for the FA50 and SC beams. However, 7%
reduction in stress in flexural reinforcement of the CC beams was observed.
Given the other design criteria are met, the use of up to 50% coarse RCA and
up to 50% Class C fly ash or a combination of them can be recommended for
the construction of sustainable concrete structures.

Further investigation is recommended to establish and quantify the potential
correlations between the properties of RCA from various quality grades with

performance of full scale structural elements.
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NOTATION

As = gross area of cross section of reinforcing steel bars (mm?)

Ap = area of bar being developed or spliced (mm?)

c = concrete cover thickness (mm)

Cb = the smaller of the distance from center of a bar to nearest concrete surface and

one-half the center-to-center spacing of bars being developed (mm)

Cmax = Maximum (Cp , Cs) (mm)

Cmed = Mmedian (Cso, Cb, Csi+dp/2) (Mm)

Cmin = Smaller of minimum concrete cover or % of the clear spacing between bars
(mm)

Cs = minimum (Cso, Csi*+6.35) (mm)

Csi =15 of bar clear spacing (mm)

Cso = side concrete cover for reinforcing bar (mm)

do = nominal bar diameter (mm)

da = maximum aggregate size (mm)

dmax ~=maximum aggregate size (mm)

Es = modulus of elasticity of reinforcing steel (MPa)

k = factor for loss in post peak ductility for high strength concrete

K = the transverse reinforcement index

M = constant used in expressions for the bond strength of bars not confined by

transverse reinforcement

n = curve fit parameter
lg =development length of reinforcing bar (mm)
fo' = specified compressive strength of concrete for use in design (MPa), peak stress

from cylinder test

fy = stress in concrete (MPa)

fy = vyield stress of reinforcing bar (MPa)
fs = stress in reinforcing bar (MPa)

ft = tensile strength of concrete (MPa)
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Spb = spacing of traverse steel bars (mm)
Tc = concrete contribution to total bond force
Uc =average bond strength at failure of a bar not confined by transverse

reinforcement
w/c = water to cement ratio

w/cm = water to cementitious materials ratio

25 = strain at concrete at maximum stress

£, = strain at concrete

£, = strain at concrete

£, = strain at peak cylinder stress

A = the lightweight concrete modification factor
p = longitudinal reinforcement ratio

Psv = volumetric ratio of transverse reinforcement
Tu = the ultimate bond strength (MPa)

Ve = the reinforcement coating modification factor
Ys = the reinforcement size modification factor

Yt = the reinforcement location modification factor
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Table 1 Aggregate properties
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Coarse Coarse

aggregate  aggregate** Sand RCA® RCA™
Bulk specific gravity 2.52 2.72 2.63 2.23 2.35
Absorption (%) 3.20 0.98 0.4 6.30 4.56
Los Angeles abrasion 40 43 - 43 41

*Beams with 50% RCA and 50% fly ash (SC beams)
**Beams with 50% RCA (RCA50 beams)

Table 2 Chemical composition and physical properties of cement and fly ash

Property Cement Fly ash
SiO2, % 21.98 33.46
Al203, % 4.35 19.53
Fe>0s3, % 3.42 6.28
CaO, % 63.97 26.28
MgO, % 1.87 5.54
SOs, % 2.73 2.40
Na0 eq., % 0.52 1.43
Blaine surface area, m?/kg 410 490
Specific gravity 3.15 2.73
LOI, % 0.6 0.34

Table 3 Properties of the incorporated longitudinal steel bars (1MPa = 145.04 psi)

Modulus of Yield stress  Elongation
elasticity (MPa) (MPa) (%)
CcC 206,250 580 13.7
FA50 206,250 580 13.7
RCA50 192,975 516 13.3
SC 192,975 516 13.3




Table 4 Concrete mixture proportions (1 kg/m3 = 1.686 Ib/yd3)

Calcium Coarse Recycled
Mixture  Water Cement wiem Class C fly Gypsum hvdroxide aaaredate coarse Sand HRWR AEA
(kg/m®)  (kg/m?) ash (kg/m?)  (kg/m?) o Oxoe BIOTEO%E oooregate (kg/m®)  (Im?)  (Im?)

(kg/m?)  (kg/m®) 3

(kg/m?)
ccC 134 337 0.40 - - - 1103 - 735 0.66 0.20

FA50 160 210 0.35 210 10 22 1040 - 705 - -

RCA50 127 317 0.40 - - - 581 502 743 2.10 0.77
SC 134 169 0.40 169 - - 529 468 735 0.44 0.15

90¢
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Table 5 Fresh and hardened concrete properties (1 MPa = 145.04 psi, 1 kg/m?® = 1.686

[b/yd®)

Property CcC FAS50 RCA50 SC
Slump (mm) 115 125 165 110
Air content (%) 1.5 2.5 8.0 5.0
Unit weight (kg/m3) 2490 2475 2239 2415
Compressive strength 28 days 30.9 28.3 24.5 26.6
(MPa) 56 days - 44.1 - 34.3
Splitting tensile strength 28 days 3.0 - 2.4 2.1
(MPa) 56 days - 4.0 - 2.8

28 days 2.9 - 2.5 3.1
Flexural strength (MPa) 56 days - 39 - 35

Table 6 Longitudinal steel reinforcement stress (MPa) (1 MPa = 145.04 psi)

fs(test) | fs(test) 1] fs f fs(...) 1 fs(...) \%
. (f )ave (f )ave f' N E— (.I: ) (f )
Section f, s(M—¢) s(M—¢) \/ c(test) f(;(test) s(CC) s(CC)
fc(design) fcl(design)
1 376 358 367
1.22 0.98
g 2 33 319 327
Top 332 1.19 0.95 316 324
1 468 373 418
o 1.18 0.99 1.10 1.21
£ 2 467 372 417
LL
Top 475 1.14 0.97 378 424 1.20 1.31
S 1 39 416 404
S 1.14 1.15 1.21 1.15
& 2 380 405 393
1 397 405 401
1.08 1.05 1.17 1.13
8 2 381 390 385
Top 385 1.06 1.04 393 390 1.24 1.20

I Popovic, Thorenfeldt, and Collins stress-strain curve

I Hognestad stress-strain curve (ACI 408R-03° recommended method)
"' based on square root normalization

V: based on fourth root normalization
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Table 7 Summary of effect of RCA content on bond properties of the developed RCA

database
RE—.{}E‘A
Values
Test RCA content Min. Max. Average COV (%) higher than
1.0 (%)
Up to 30% 0.65 1.71 1.07 24 74
50% 0.85 1.31 1.07 11.7 80
Pull
0 60% 0.82 1.59 1.19 19.8 85
ut
75% 0.86 1.24 1.09 16.5 75
100% 0.68 1.71 1.09 20 69
Beam- 100% 0.64 1.0 0.86 10.1 -
end

100
a0
&0
= 70
2 60 x — Vigin dggregate
E === Cparse RCA (RCASD)
= 30 —t— Coarss RCA(SC)
5 40 *  ASTM C33-Upper limit
2 30 A ASTM €33 Lower limit
E 20
10
0

0 3 10 15 20 25

Sieve size (mm)

g
L]

Figure 1 Particle size distribution of the coarse aggregate (1 mm=0.0394 in.)
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a) Test set up and load pattern b) Strain gauges
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c) Splice specimen details, profile view (left, top), plan view (left, bottom), and cross section
(right), all dimensions in mm

Figure 2 Details of the test set up and specimens (1 mm=0.0394 in.)
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Figure 3 Crack pattern of the beams at bond failure
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Figure 4 Load-deflection of the specimens (1 kN = 0.225 Ibf, 1 mm=0.0394 in.)

Model/ Experiment

2.00

1.00

0.00 —

mCC mFA50 ORCA50 OsC

ACI-408 Darwinet Esfahani & Kemp & Orangunet Zuo&

al. Rangan

Wilhelm al. Darwin

Figure 5 Comparison of ultimate bond strength results with analytical models
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Figure 6 Longitudinal steel reinforcement stress versus compressive strength of concrete

(database of ACI 408-0310 and test results of this study) (1 MPa = 145.04 psi)
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Figure 7 Re-rca as a function of RCA replacement level (%)
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