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EXECUTIVE SUMMARY

This research project was undertaken to develop a new class of environmentally friendly, cost-
effective, and crack-free high-performance concrete (HPC) for use in pavement (Eco-Pave-
Crete) and bridge infrastructure (Eco-Bridge-Crete) applications. The binder content of these
novel materials were limited to 320 kg/m® (540 Ib/yd®) and 350 kg/m* (590 Ib/yd®), respectively,
in order to reduce paste content, cost, CO, emissions, and shrinkage. The rheological properties
of the Eco-HPCs were adjusted to facilitate placement. Both Eco-HPC types were optimized to
develop low shrinkage and high resistance to early-age cracking as well as to secure high
durability. A number of parameters affecting concrete characteristics were investigated,
including binder type and content, aggregate type and proportions, fiber type, and use of
shrinkage mitigating materials. Based on the test results, performance-based specifications
required for the design of such concrete mixtures are summarized in Table 1.

Table 1- Performance-based specifications for Eco-HPC

Eco-Pave-Crete (with different workability levels)

Binder content <320 kg/m® (< 540 1b/yd®)
Slump (without fibers) 50+25mm (2+1in.)
Slump (with fibers) 10025 mm (4 £ 1in.)

Compressive strength at 56 days > 35MPa (> 5100 psi)
Drying shrinkage after 120 days (7-d moist curing) <300 um/m
Durability (frost and abrasion resistance) High

Eco-Bridge-Crete (with different workability levels)
<350 kg/m® (< 590 1b/yd’)
100+25mm (4 +1in.)
20025 mm (8+1in.)

Binder content
Slump (without fibers)

Slump (with fibers)

Compressive strength at 56 days

40 to 50 MPa (5800-7250 psi)

Drying shrinkage after 120 days (7-d moist curing)

<300 um/m

Durability (frost, corrosion, and abrasion resistance)

High

Based on the obtained results, the optimized mixtures that meet the required characteristics are

presented in Table 2.
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1. INTRODUCTION

1.1. Problem statement

High-performance concrete (HPC) is typically characterized by high binder content. The binder
is composed of cement and, in some cases, supplementary cementitious materials (SCMs) and/or
fillers. High binder content is necessary to ensure high strength and durability. In the case of
highly flowable HPC, such as self-consolidating concrete (SCC), relatively high cement paste
volume is also required to increase flowability and segregation resistance. In the case of high-
strength concrete and SCC, the binder content can range between 425 to 550 kg/m? (720 to 930
Ib/yd®). High binder contents can lead to higher cost and greater risk of cracking due to thermal,
autogenous, and drying shrinkages, thus reducing service life of the structure. Early-age
shrinkage cracking of concrete bridge decks is a common problem. When the induced tensile
stress is larger than the tensile strength of the concrete, cracking can occur. The risk of early-age
cracking in bridge decks increases the risk of freeze-thaw damage, corrosion of reinforcing steel,
and ingress of various deleterious substances that can lead to premature deterioration and
potential structural deficiencies of concrete infrastructure.

The aim of this project is to develop and validate the behavior of a new class of environmentally
friendly and cost-effective high-performance concrete (HPC), which is referred to herein as Eco-
HPC. The proposed project will develop two classes of Eco-HPC for the following applications:
HPC for pavement construction (Eco-Pave-Crete) and HPC for bridge desk and transportation
infrastructure construction (Eco-Bridge-Crete). Eco-Bridge-Crete can be used in cast-in-place
girders, cast-in-place piers and piles, and other bridge elements. Both Eco-HPC types will also

be designed to ensure high durability. The concrete should develop high resistance to early-age



cracking to limit the crack width of hairline cracks to 0.1 mm (0.004"). The rheological
properties of these advanced materials were designed to facilitate construction operations and
reduce labor and cost. Both Eco-HPC types will also be designed to ensure high durability.
Table 1-1 summarizes some of the performance-based specifications that are required for these

concrete types.

Table 1-1- Target properties of Eco-Pave-Crete and Eco-Bridge-Crete

Eco-Pave-Crete (with different workability levels)

Binder content <320 kg/m® (< 540 1b/yd®)
Slump (without fibers) 50+25mm (2+1in.)
Slump (with fibers) 100+ 25mm (4£1in.)
Compressive strength at 56 days > 35MPa (> 5100 psi)
Drying shrinkage after 120 days (7-d moist curing) <300 um/m
Durability (frost and abrasion resistance) High

Eco-Bridge-Crete (with different workability levels)
<350 kg/m® (< 590 Ib/yd®)
10025 mm (4 +1in.)
20025 mm (8+1in.)

Binder content
Slump (without fibers)
Slump (with fibers)

Compressive strength at 56 days

40 to 50 MPa (5800-7250 psi)

Drying shrinkage after 120 days (7-d moist curing)

<300 um/m

Durability (frost, corrosion, and abrasion resistance)

High

1.2. Research objectives
The project will establish new mix design methodology based on the maximum packing density
with the aim of reducing cement content and high resistance to shrinkage cracking to enable the
development of advanced materials for sustainable pavement and bridge infrastructure
construction. It is expected that the results obtained in this work will provide a basis for the
development and implementation of:

e New mix design methodology and guidelines for using Eco and crack-free HPC for

various types of transportation infrastructure and pavement applications; and



e Performance-based design with substantial information regarding material characteristics
and key engineering properties, structural behavior, and durability of concrete targeted

for pavement and infrastructure applications.

The specific objectives of this project are described as follows:

e Optimization of binder composition (in binary and ternary systems) to reduce carbon foot
print and cost, as well as shrinkage of concrete by replacing cement with high volume of
supplementary cementitious materials (SCMs).

e Optimization of aggregate skeleton and proportioning based on packing density approach
to reduce paste volume.

e Comparing the effectiveness of different shrinkage mitigating materials, including
shrinkage reducing admixture (SRA), Type G and Type K expansive agents (EXS),
lightweight sand (LWS) for internal curing, and synthetic and recycled steel fibers to
reduce shrinkage and improve resistance to early-age cracking of concrete.

e Developing new classes of cost effective and crack-free environmentally friendly
concrete materials with low binder content, high cracking resistance, and various slump

consistencies targeted for pavement and transportation infrastructure applications.

1.3. Research methodology

The research project includes four tasks as presented below:

1. Literature review
2. Laboratory investigation
3. Deformation measurement and structural evaluation

4. Guidelines for using Eco-HPC in pavement and transportation infrastructure applications

Further details of the work tasks are described below.



Task 1: Literature review

The purpose of this task was to collect and review relevant literature, specifications, research
findings, current practices, and other information relative to HPC and Eco-HPC. Literature
review focuses on mix design methodology of HPC for different targeted applications.
Furthermore, the effect of binder composition and aggregate characteristics on rheology,
stability, mechanical properties, and durability of concrete is investigated. Particular emphasis is
given to reducing shrinkage and early-age cracking of concrete. This includes binder
composition, aggregate selection and volume, shrinkage mitigating materials, and fibers.

Task 2: Laboratory investigation

The information reviewed in Task 1 was analyzed to finalize the laboratory investigation
program. A comprehensive investigation was undertaken to evaluate the influence of mixture
proportioning and material characteristics on various properties, including workability, rheology,
mechanical properties, shrinkage, and durability. This task consists of five subtasks that are

presented below.

Subtask 2-1 Optimization of binder composition

The aim of this subtask is to optimize the binder composition based on packing density,
minimum water and admixture demand, hydration heat, CO, emission, as well as rheological and
mechanical properties of cement paste. Different replacement levels and types of binary and
ternary binders were evaluated. The investigated SCMs include Class C fly ash, blast furnace
slag, silica fume, and Portland limestone cement with 10% limestone substitution. At the end of

this subtask, optimal binder compositions were selected based on the performance rank analysis.



Subtask 2-2 Optimization of aggregate characteristics

The effect of various physical characteristics of coarse and fine aggregates, including shape,
particle-size distribution, fineness modulus, and sand-to-total aggregate ratio (S/A) on the
packing density of the aggregate skeleton was evaluated. The packing density of aggregate
blends was determined using the intensive compaction tester (ICT). The theoretical packing
density models were also employed to estimate the packing density of various aggregate blends.

The optimal aggregate proportion was selected for the mix design of Eco and crack-free HPC.

Subtask 2-3 Comparison of various shrinkage mitigating strategies

This subtask aimed at evaluating the effect of different shrinkage mitigating materials, including
expansive agent (EX) [calcium sulfoaluminate-based and calcium oxide-based], crack reducing
admixture (CRA), and different types of fibers, on autogenous and drying shrinkage, early-age
cracking potential, and mechanical properties of concrete equivalent mortars. In this subtask,
various types of fibers, including synthetic and recycled steel fibers from waste tires was used
with the aim of enhancing both post-cracking behavior and early-age cracking resistance. In
addition, the effect of the use of lightweight sand (LWS) on shrinkage and cracking potential was
investigated. The effectiveness of shrinkage compensating materials on shrinkage and key
engineering properties is affected by the initial moist curing duration of the material. Selected
mixtures from this subtask were subjected to different moist curing durations to investigate the
influence of initial moist curing period on the performance of various shrinkage mitigating

materials.

Subtask 2-4 Optimization of concrete mixtures to develop Eco and crack-free HPC
The aim of this subtask was to develop and optimize Eco and crack-free HPC materials to meet
the performance specification elaborated earlier in Table 1-1. Based on the obtained results from

5



Subtask 11-1, 11-2, and 11-3, the effect of different binder compositions, aggregate characteristics,
and shrinkage compensating materials was investigated to design Eco and crack-free HPC with
various targeted applications (Eco-Pave-Crete and Eco-Bridge-Crete). The testing program
included detailed evaluation of the workability, rheology, shrinkage, water absorption, electrical
resistivity, and development of mechanical properties, as well as durability of selected concrete
mixtures. The optimal concrete mixtures were used for large-scale shrinkage deformation and

structural performance evaluation.

Task 3: Deformation measurement and structural performance evaluation

Large-scale specimens, including slab and reinforced beam elements were constructed to
evaluate the shrinkage deformation and flexural performance of Eco-Pave-Crete and Eco-Bridge-
Crete. Concrete mixtures were made in local concrete batching plants to confirm the ability of
the proposed concrete to apply in the field. This task consists of two subtasks that are described

below.

Subtask 3-1 Concrete slab section

The aim of this subtask was to evaluate the shrinkage deformation of concrete slabs made with
the selected concrete mixtures from Task Il. Three slabs were constructed to evaluate different
concrete mix designs, including fibers and lightweight sand, and the results were compared with
that of the MoDOT reference mixture. The investigated slabs were fully instrumented by using
embedded concrete strain gauges, relative humidity sensors, and thermocouples to monitor the

shrinkage behavior caused by concrete shrinkage, temperature and humidity variations over time.

Subtask 3-2 Concrete beam section
The aim of this subtask was to evaluate the flexural strength of reinforced concrete beams made

with selected Eco-Bridge-Crete mixtures that were optimized in Task Il. The results were



compared with the data obtained from beams prepared with MoDOT reference mixture. All
beams were instrumented using strain gauges bonded on the reinforcing bars as well as the top
and lateral side of the concrete surface at the mid-span. Due to incorporating high-volume SCMs
in mixture proportioning of Eco-HPC, all beams were cured for 56 days using wet burlap and
plastic sheet before testing. All investigated beams were tested under four-point bending over

simply supported span.

Task 4: Anticipated guidelines for using Eco-HPC

Based on the literature survey, laboratory evaluation, and large-scale structural performance
from Task 1 to Task 3, recommendations were established for the design of Eco- and crack-free
HPC for pavement and bridge infrastructure applications. These recommendations include
information on the selection of material constituents and mixture proportioning, performance-

based specifications, and curing considerations.

The outline of the research project is presented in Figure 1-1.
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Figure 1-1- Outline of the research investigation



2. LITERATURE REVIEW

2.1. Introduction
Eco-Crete is an environmentally friendly and cost effective concrete in which the total binder
content is substantially lower than that used for typical HPC. Given the lower amount of binders
and higher water content needed to increase the paste volume to ensure proper flow, Eco-Crete
can have higher risk of bleeding and segregation compared to typical HPC. Therefore, special
attention is required to select material constituents and mix design to produce stable and robust

Eco-Crete mixtures that can meet the targeted performance specifications.

The use of supplementary cementitious materials (SCMs) as partial replacement for cement plays
a significant role in reducing cost and carbon footprint while maintaining the required rheology,
mechanical properties, and durability characteristics of the concrete. Therefore, energy
consumption and embodied CO, of concrete can be reduced when cement is replaced by
secondary binder materials, such as industrial by-products, SCMs, and fillers. This strategy can
indeed be used to reduce the carbon footprint of the construction materials as well as the life
cycle cost for the structure. In additional to SCMs, recycled waste materials, including glass
powder from recycled waste glass or rubber particles recovered from scrap tires can contribute to
developing ecological concrete and reducing environmental impact. In 2010, 11.5 Megatons of
waste glass was generated in the United States, mostly from containers and packaging, but only

27% of this valuable waste product was recycled (U.S. Environmental Protection Agency, 2011).

Packing density of aggregate can significantly help to optimize mixtures to lower the cement
content in Eco-Crete without reducing its performance. Such low cement construction materials

can be designed by optimizing the concrete composition in such a way that the highest packing



density is achieved. The packing density of coarse and fine aggregates plays a significant role for
mixture optimization of concrete. In general, the increase in the aggregate packing density results

in lower paste volume needed to fill voids in the aggregate skeleton.

Given its higher w/cm and lower coarse aggregate content, Eco-concrete may exhibit higher
drying shrinkage. This can result in higher risk of shrinkage cracking, thus reducing durability
and serviceability of concrete structures. The cracking potential of concrete depends on the
mechanical properties and visco-elastic properties of the mixture. These characteristics are
related to the mix design and constitutive materials. A number of parameters can influence the
shrinkage cracking potential of concrete, including mix design, binder type and content,
aggregate type and content, fiber type and volume, and the use of shrinkage reducing materials.
Therefore, it is important to evaluate the effect of these material constituents and mixture

proportioning on the resistance of cement-based material to shrinkage cracking.

Based on the above mentioned parameters, which can significantly affect the mix design and
selection of material constituents of crack-free Eco-Crete, the literature review undertaken in this

investigation consisted of:

1. Reviewing the effect of SCMs on packing density, workability, rheology, shrinkage, and

mechanical properties, as well as durability.

2. Reviewing the effect of aggregate characteristics, including shape, texture, and particle size
distribution on packing density, rheology, stability, and mechanical and transport properties of

concrete.

3. Reviewing studies dealing with factors and materials influencing autogenous, drying, and
restrained shrinkages, as well as shrinkage cracking tendency of cement-based materials.
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2.2. Supplementary cementitious materials
Supplementary cementitious materials (SCMs), such as fly ash (FA), blast furnace slag (SL),
silica fume (SF), and natural pozzolans, are commonly used as a replacement for a portion of
Portland cement in concrete. The practice of using SCMs is increasing in the world,
consequently the world average percent clinker in cement (or clinker factor) has been
progressively reduced from 85% in 2003 to 77% in 2010, and it is projected to further decrease
to 71% in the future (Mehta, 2002; Schneider et al., 2011). The use of SCMs as a partial
replacement for Portland cement plays a significant role in reducing cost and carbon footprint of

concrete, while enhancing rheological and mechanical properties, and durability.

Energy consumption and embodied CO, of concrete can be reduced when cement is replaced by
secondary materials, such as co-products from other industries. This strategy can indeed be used
to reduce the carbon footprint of the construction materials as well as the life cycle cost for the
structure. Depending on their physical properties (particle gradation and shape) or chemical
composition, SCMs will have either hydraulic activity and/or a pozzolanic activity. Recycled
waste materials, including glass powder from recycled waste glass, can also contribute to
developing ecological concrete and reducing environmental impact. The effect of SCMs, fillers,
and recycled materials on fresh and hardened properties of concrete are reviewed in the next

section.

2.2.1. Effect of SCMs on fresh properties

Workability and rheological properties

The effectiveness of incorporating SCMs to enhance workability and rheology is affected by the

type and content of the SCM. The FA, SL, and SF are mostly used as a SCM in concrete. Given
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the spherical shape and smooth surface characteristics of FA, the partial replacement of cement
with FA can reduce the friction between particles, thus enhancing the rheology and flow
characteristics. For a given cementitious material content, partial substitution of cement with FA,
by mass, results in an increase in the paste volume due to the lower specific gravity of FA
compared to Portland cement. The higher paste volume provides greater lubricant volume to the
concrete, thus enhancing flow characteristics of concrete. Lee et al. (2003) reported that the
fluidity of a cement paste made with 20% Class F FA (FFA) can increase by about 50% as the
spread between the minimum and maximum size of particles becomes greater. Kwan and Chen
(2013) reported that for a given w/cm, the flow-spread and flow rate of grout mixtures increase
as the FA content increases up to 40%. Shi et al. (2002) pointed out that the addition of SF could
have a beneficial or adverse effect on the rheology of concrete, depending on the replacement
level of the SF. They found the use of 6% SF leads to a considerable reduction in plastic
viscosity (40%) and yield stress (80%) of mortar mixtures. However, the substitution of cement
with 12% SF resulted in a 30% and 20% increase in yield stress and plastic viscosity,
respectively, compared to the control mortar made with 100% cement. Zhang et al. (2011 and
2012) pointed out that a ternary combination of 35% SL and 40% FFA can result in 10% higher

packing density compared to the control mixture with 100% cement.

Hwang and Khayat (2006) found that regardless of the type of high-range water reducer
(HRWR), concrete equivalent mortars (CEM) made with ternary blends of 25% SL and 5% SF is
shown to require lower minimum water demand compared to the control mixture made with
100% ordinary Portland cement (OPC). The investigated mixtures had w/cm varying between
0.35 and 0.42 and binder content of 475 kg/m®. This can be due to greater packing density and

less water adsorption of such blended cement compared to Portland cement. Khayat et al. (2008)
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investigated the effect of various types of SCMs on plastic viscosity and yield stress for grout
mixtures made with w/cm of 0.40. Their results showed that the partial replacement of cement by
FA, SF or SL increased the plastic viscosity, regardless of the dosage of HRWR. In the case of
ternary systems, the combination of 20% FA with 40% SL resulted in the highest increase in
viscosity (90%) among the tested mixtures. Assaad and Khayat (2004) evaluated the effect of
binder type and binder content on degree of thixotropy of self-consolidating concrete (SCC). The
investigated mixtures had 650 = 15 mm (25.6 + 0.60 in.) slump flow values, a w/cm of 0.46, and
a binder content ranging between 400 and 550 kg/m® (675 to 930 Ib/yd®). The tested binder types
included Type | and Type Il cements along with three blended cements. The investigated
blended binders included: a binary cement containing 8% SF and 92% Type | cement; a ternary
cement made with 6% SF, 22% Class F FA, and 72% Type | cement; and a quaternary cement
containing 6% SF, 28% FA, 16% SL, and 50% Type | cement. For a given binder content, the
degree of thixotropy is shown to be significantly affected by the type of binder; mixtures made
with Type Il cement exhibit a greater degree of thixotropy compared to those prepared with
binary or ternary cement. On the other hand, SCC made with a quaternary cement containing
50% SCM or those with Type | cement without any SCM exhibit a lower degree of thixotropy.
For a given binder type, the degree of thixotropy is shown to increase with a decrease in the
binder content. This is attributed to the relative increase in the coarse aggregate volume which

can result in a higher level of internal friction between particles.

El-Chabib and Syed (2012) conducted an extensive experimental study to develop a high-
performance SCC containing high volume of SCMs. In total, 20 SCC mixtures were prepared
with 0.37 w/cm and a binder content of 450 kg/m® (760 Ib/yd®). Mixtures were designed to have

up to 70% of Portland cement replaced by cementitious materials such as Class C and Class F
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FA (30% to 70%), SL (30% to 70%), and SF (5% to 15%). The fresh characteristics, such as
flowability, deformability, filling capacity, air content, and segregation resistance of SCC
mixtures were evaluated. Mixtures containing 70% of FA and SL (70%) yielded 25% lower
HRWR required for a given slump flow compared to the control mixture with 100% cement.
Increasing the content of SF from 5% to 10% and 15% resulted in an increase in the dosage of
HRWR from 1.31 to 1.37 L/m® and 1.43 L/m®(0.262 to 0.274 and 0.286 gal/yd®), respectively.
Given relatively high surface area of the SF, the mixture containing SF particles exhibited lower
bleeding and aggregate segregation compared to other types of SCMs. Ahari et al. (2015)
evaluated the rheological properties of SCC containing various amounts of SF (4%, 8%, and
12%), FA (18% and 36%), Metakaolin (MK) at 4%, 8%, 18%, and 36%, and SL (18%) as a
partial replacement of cement with various w/cm ranging between 0.44 and 0.56. These SCMs
were used in binary, ternary, and quaternary cementitious blends to investigate the variations of
some properties, such as HRWR demand and rheological properties. For all w/cm, mixtures
containing SF and MK had higher HRWR demand for a given slump flow compared to the other
SCMs. Plastic viscosity of the mixtures containing FA and MK was higher than that of the
control mixtures, regardless of the w/cm. The highest increase (90%) in plastic viscosity was
observed in mixture containing 36% MK and w/cm of 0.50. Among the investigated SCMs, the
incorporation of SF has a more significant influence on the viscosity compared to the MK at the

same level of cement replacement.

Depending on the PSD of glass particles, waste glass can be used as a partial replacement for
aggregate or cement in concrete. The pozzolanic reactivity of fine waste glass has been identified
by an increase in C-S-H and decrease in Ca(OH), (Sobolev and Arikan, 2002; Sobolev et al.,

2007). There are contradictory reports about the effect of glass particles on workability. Some
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studies reported a positive effect, whilst the others reported a negative effect. Wang et al. (2014)
investigated the effect of replacement level of glass powder, varying between 10% and 50% as a
cement replacement, on workability of mortar mixtures. For a given slump value, the water
content of mortars decreases with an increase in the replacement level of glass powder. They also
reported that the addition of glass powders leads to a decrease in the initial and final setting time
of mortar mixtures compared to the control mixture made with 100% OPC. Malik et al. (2013)
reported an increase in the workability of concrete mixtures by replacing natural sand with waste
glass (size < 1.18 mm (0.05 in.)) at levels of 10%, 20%, 30%, and 40%, by mass. The
workability increased as the replacement rate of glass sand increased. Ali and Al-Tersawy (2012)
evaluated the workability of SCC mixtures containing recycled glass (size <5 mm (0.2 in.)) at
levels of 0, 10%, 20%, 30%, 40%, and 50%, by mass, as a partial replacement for natural sand.
They reported that the inclusion of waste glass increased the slump flow of SCC made with a
cement content of 400 kg/m® (675 Ib/yd®). The increase in the slump flow was 2%, 5%, 8%,
11%, and 12% with the addition of 10%, 20%, 30%, 40%, and 50% glass sand, respectively. On
the contrary, Taha and Nounu (2009) reported a reduction in the workability with increasing
glass sand content. The reduction in the slump value was 29% and 33% with the addition of 50%
and 100% glass sand, respectively. The evaluated concrete had recycled glass (size <5 mm (0.2
in.)) as natural sand replacement at levels of 50% and 100%, by volume. Ling and Poon (2011)
reported that concrete containing glass sand exhibits higher risk of bleeding and aggregate
segregation compared to similar concrete without using glass sand. They found that the use of
higher replacement of glass sand with large particle sizes (5-10 mm (0.2-0.4 in.)) results in

higher bleeding and segregation. This is attributed to the smooth surface characteristics and
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lower degree of water absorption for sand glass compared to the natural sand which can result in

lower cohesion and bond between paste and aggregate.

Portland limestone cement (PLC) has recently been approved as a part of the ASTM C595
specifications. These cements are designed to enable more sustainable concrete production by
replacing up to 15% of the clinker with interground limestone particles. The use of PLC enables
a reduction in CO, embodied in the built infrastructure and extends the life of limestone quarries
(Tennis et al., 2011). Based on the information provided in the literature, it appears that there are
conflicting results on the role of PLC on workability (Tennis et al., 2011). In general, the degree
of fineness of the limestone is the main factor affecting the workability of concrete. The results
of literature review undertaken by Tennis et al. (2011) and Barrett et al. (2013) suggest that the
use of limestone may alter the water demand, resulting in a slight increase or decrease when PLC
is compared to conventional cement. Tsivilis et al. (1999, 2000) investigated the water demand
of mortar and concrete containing various replacement levels of cement with limestone (0, 10%,
15%, and 20% limestone). They observed that the use of limestone cement increased the water
demand necessary for a given slump value, especially in the case of higher limestone
replacement. Ghezal and Khayat (2002) employed response surface method to optimize the mix
design of SCC containing limestone filler. The investigated mixtures had various water-to-
powder ratios (w/p) of 0.38 to 0.72, cement contents of 250 to 400 kg/m? (420 to 675 Ib/yd®),
limestone filler additions of 0 to 120 kg/m* (0 to 202 Ib/yd®), and HRWR dosages of 0.12% to
0.75% by powder mass. The replacement of 100 kg/m? (170 Ib/yd®) of cement with finely ground
limestone filler is shown to improve deformability and stability. The increase in limestone filler
content was found to reduce the HRWR demand to secure a given deformability, thus leading to

producing cost effective SCC. Mixtures containing approximately 300 kg/m* of Type | cement
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and 100 kg/m® of limestone filler with Blain fineness of 565 m?/kg were found to secure good
overall performance. Based on the derived statistical models, concrete made with fine limestone
filler as a cement replacement can exhibit up to 10% lower 28-day strength compared with

similar concrete without filler.

In general, it has been reported that the influence of limestone on setting time is strongly related
to the fineness of the limestone. As the limestone was ground finer, the setting time decreased
(Hooton et al. 2007). Mounanga et al. (2010) reported that limestone filler could be used to
reduce the setting time for concrete systems containing FA and SL. The partial substitution of
cement by limestone can provide a synergistic effect on the rate of hydration and setting time of
concrete made with relatively high SCM replacement. Ezziane et al. (2010) also reported that
limestone additions to Portland cement in mortars provided nucleation sites which accelerated

hydration according to the Vicat testing results.

Packing density of binders

Optimization of PSD in cement-SCM-filler systems is an approach that is used to design
environmentally friendly concrete to optimize the granular skeleton of the powder phase and
enhance the rheological properties. Given the higher specific surface area of binder materials
compared to other material constituents of concrete, they have substantial influence on water and
HRWR demands. The optimization of packing characteristics of binders can reduce the water
demand, thus resulting in a reduction in binder content required for a given performance of
concrete. For example, Bentz et al. (2012) measured rheological properties of cement—fly ash
paste mixtures with different PSD of the FA. They found that yield stress of cement paste is
related to particle density of cement and plastic viscosity is related to particle surface area and

packing density of the binder. Vance et al. (2013) reported that the rheological properties of
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paste mixtures containing various types and replacement levels of SCMs, such as limestone

filler, MK, and FA depends on total particle specific surface area.

Lange et al. (1997) reported that improving the packing density of the cementitious materials by
partially replacing cement with fine SL can significantly reduce the water demand and enhance
the overall performance of concrete. Kwan and Wong (2008) concluded that there exists an
optimum content of the SF replacement, beyond which the packing density of the binders
decreases. The partial replacement of cement with 45% SF exhibited the packing density of 0.67
compared to 0.72 for similar binder containing 30% SF. Zhang et al. (2011 and 2012) reported
that a ternary combination of 35% SL and 40% FFA is shown to have 10% higher packing
density compared to the control mixture made with 100% cement, thus leading to higher flow
characteristics. Kwan and Wong (2008) reported that the ternary blends of cement with FA and
SF can significantly enhance the wet packing density of cement paste mixtures. The variation of
the packing density with the mix proportions of the ternary cementitious materials is illustrated
in Figure 2-1 (Kwan and Wong, 2008). Their results showed that, the ternary blends of 25%
cement, 45% FA, and 30% SF exhibited the highest packing density of 0.75 among all
investigated binary and ternary systems. The improvement in packing density of the binder can
be attributed to the spherical shape effect of the FA and filling and shape effects of SF which can
result in a decrease in the friction between particles and filling the voids between cement grains.
Similarly, Amini et al. (2016) pointed out that the partial substitution of cement by FA or MK
significantly improved the packing density of the binder system. Knop et al. (2014) investigated
the influence of PSD and substitution of limestone powder as partial replacement for Portland
cement on packing density and water demand for normal consistency of limestone cement. For a

given replacement level of limestone, blended limestone cement with finer particles (3 pum
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(0.0001 in.)) is shown to require higher water demand to achieve normal consistency compared
to the larger particles (53 pum (0.002 in.)). Depending on the PSD of limestone powder from 3
pm (0.0001 in.) to 53 um (0.002 in.), the increase in the replacement level of limestone from 0 to
20% resulted in 1% to 7% higher packing density compared to the mixture made with 100%

OPC (Knop et al., 2014).

100 % OPC

100 % CSF 100 % PFA

Figure 2-1- Effect of SCM substitutions on packing density of ternary binders
(Kwan and Wong, 2008)

Mehdipour and Khayat (2016) investigated the effect of SCM types, replacement rates and
degree of dispersion on packing density of the binder system. The authors reported that the
effectiveness of incorporating high volume of SCM to enhance packing density is shown to
increase with the increase of HRWR dosage resulting from greater degree of dispersion of the
binder. The incorporation of a sufficient dosage of HRWR led to lower water demand needed to
achieve maximum density and higher packing density. The coupled effect of these changes
results in higher compressive strength. As shown in Figure 2-2, using ternary packing diagram,
compared to the packing density of 0.58 for binder with 100% cement, the use of SCMs in a

well-dispersed system is shown to secure packing density of 0.60 to 0.73

19



(a) Ternary system of OPC, SF, and FFA (b) Ternary system of OPC, SF, and SL

Figure 2-2- Effect of SCM substitutions on packing density of ternary systems made
with 0.12% HRWR (Mehdipour and Khayat, 2016)

2.2.2. Effect of SCMs on hardened properties

Mechanical properties

In general, SCMs can contribute to long-term strength of concrete due to the pozzolanic reaction.
Mixtures made with Class F FA exhibit slower strength development than similar mixtures
prepared with only Portland cement. The 28-day mechanical properties may be lower for
concrete containing FA, particularly Class F FA, however, pozzolanic reaction of FA continues
over time, and the long-term strength of FA concrete can be the same as those of similar concrete
mixtures made with 100% Portland cement (Lawler et al., 2007). Depending on the mixture
proportions, chemical composition, and Blain fineness, some FAs may require up to 90 days to
exceed a 28-day strength of control mixture containing 100% OPC. Jaturapitakkul et al. (2004)

compared the compressive strength of concrete made with coarse FA particles (90-100 pum
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(.0035-0.004 in.)) with those of concrete made with fine FA (3.8 um (0.00015 in.)). Concrete
mixtures prepared with 15% to 50% fine FA can achieve 10% to 30% higher compressive
strength compared to concrete mixture containing coarse FA at the same replacement level.
Concrete proportioned with Class C FA generally develops higher early-age strength than
concrete with Class F FA (Kosmatka and Panarese, 2002, Uysal and Akyuncu, 2012). However,
at later ages (beyond 28 days), concrete made with Class C FA may exhibit lower strength
development compared to concrete containing Class F FA. EI-Chabib and Syed (2012) reported
that the partial replacement of cement by 60% Class C FA or by up to 70% of SL developed a
28-day compressive strength slightly lower than or comparable to the control SCC made with
100% OPC. Such mixtures exhibited a 1-day compressive strength of 5 MPa (725 psi) and 9.5

MPa (1380 psi), respectively, compared to 26 MPa (3770 psi) for the control mixture.

Ternary cementitious blends of SF or SL with FA can be used to enhance the rate of strength
development at early-age. Khayat et al. (2008) reported that the combination of 3% SF with
either 10% or 20% FA resulted in 5% to 30% higher 28-day strength compared to the reference
grout made with 100% cement and w/cm of 0.40. Hwang and Khayat (2009) pointed out that for
SCC mixtures made w/cm of 0.35 and 0.42, the use of 25% SL and 5% SF resulted in 15% to
22% higher compressive strength at 28 days compared to those prepared with 25% Class F FA
and 5% SF. This can be due to the relatively high reactivity of the SL compared to the FA. The
modulus of elasticity results of such mixtures made with various binder combinations had similar
trends as those of compressive strength results for both of w/cm of 0.35 and 0.42. Kuder et al.
(2012) investigated the binary and ternary blends of Class C FA and SL on compressive strength
of SCC made with a binder content of 410 kg/m® (690 Ib/yd®). Ternary mixtures with 60% SCMs

replacement, containing the combination of 25% FA and 75% SL or 50% FA and 50% SL
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exhibited higher compressive strength than both FA and SL binary mixtures and developed
similar strength to that of the control mixture made with 100% OPC. This is due to the synergetic
effect of the combination of SL and FA in the ternary binder, which enhances engineering

advantages over a simple binary system and produces more sustainable concrete mixtures.

Depending on the particle size and substitution rate of glass, the use of glass particles as
replacement for sand or cement can result in an increase or reduction in mechanical properties.
Corinaldesi et al. (2005) studied the compressive and flexural strengths, at age of 180 days, of
mortars containing waste glass as fine aggregate. Natural sand was partially replaced with waste
glass at levels of 0%, 30%, and 70% by weight with three different particle sizes of waste glass,
including up to 36 um (0.0015 in.), from 36 to 50 pum (0.0015-0.002 in.) and from 50 to 100 pm
(0.002-0.004 in.). The results showed that the incorporation of 30% glass sand (36 pm (0.0015
in.)) exhibited the highest flexural strength followed by 70% (36 to 50 pum (0.0015-0.002 in.))
and 70% (36 pum (0.0015 in.)). Mixtures made with 30% (36 um (0.0015 in.)) and 30% (36-50
pm (0.0015-0.002 in.)) exhibited comparable compressive strength to the control mortar. Lee et
al. (2013) reported a reduction in the compressive strength at ages of 7 and 28 days by replacing
natural sand in concrete blocks with waste glass (particle sizes < 2.36 mm (0.09 in.) and < 1.18
mm(0.046 in.)) at levels of 25%, 50%, 75%, and 100%. On the contrary, glass sand with particle
size smaller than 600 pum (0.023 in.) increased the compressive strength by about 5% and 35%
for replacement levels of 25% and 100%, respectively. Du and Tan (2014) investigated the
compressive strength of concrete containing glass powder as cement replacement at levels of
15%, 30%, 45%, and 60% by weight of total binder. The evaluated concrete mixtures had a
w/cm of 0.49 and slump values of 50 to 70 mm (2-2.75 in.). The results of 7-day compressive

strength showed that the replacement of cement with glass powder led to a reduction in strength,
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particularly the mixture with 60% glass powder replacement, which exhibited 35% lower
compressive strength compared to the reference OPC mixture. Compared to the hydration of
OPC, the pozzolanic reaction of fine glass powder is relatively slower and thus the early-age
strength of concrete can be reduced. However, with a longer curing age, the benefits of
pozzolanic reaction of glass powder can result in a significant enhancement in strength. At 91
days, the mixtures containing 30% and 60% glass powder replacements developed 25% greater
and similar compressive strengths, respectively, compared to the control mixture with 100%
OPC. They concluded that the 30% glass powder replacement can be suggested as the optimum

substitution level of cement with glass powder.

The strength of concrete produced with PLC is significantly affected by several factors,
including the quality and quantity of the limestone, the clinker and other cement ingredients, and
the PSD of the blended cement (Tennis et al., 2011). Limestone contents up to 15% may increase
early-age strength as a combined result of improving particle packing (Sprung and Siebel 1991),
increasing the rate of cement hydration (Vuk et al. 2001; Bonavetti et al. 2003), and production
of calcium carboaluminate (Voglis et al. 2005). Barrett et al. (2013) investigated the mechanical
properties of concrete mixtures made with PLC and a w/cm varying between 0.38 and 0.46. In
general, the PLC mixtures exhibited higher compressive strength at early age that diminished
with time, thus resulting in similar 28-day compressive strength as that of the control mixture
made with OPC. The flexural strength of the PLCs at 7 days of age was similar to the OPCs at all
evaluated w/cm. The replacement of PLC with 20% FA resulted in 10% higher compressive
strength at early-age compared to the similar mixture made with OPC and FA. This suggests that

the relative high rate of hydration of PLC is able to overcome the slow early-age reaction of
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mixtures containing FA, thus leading to higher compressive strength at early ages (Barrett et al.,

2013).

Durability and transport properties

The use of proper type and content of SCMs can fill the voids among cement particles and
enhance the density of the microstructure, thus leading to better durability. In general, SCMs can
react with calcium hydroxide to form p hydration products which can reduce the connectivity of
the capillary pores in the concrete, thus leading to pore refinement and enhancement in transport
properties.

El-Chabib and Syed (2012) reported that SCC mixtures made with binary or ternary blends of SL
and/or SF exhibited rapid chloride-ion permeability (RCP) values of 250 to 2100 Coulomb
compared to 3700 Coulomb for the control mixture at 56 days. SCC containing 60% Class F FA
also showed RCP value of 1510 Coulomb at 56 days. The greatest resistance to chloride ion
penetration was observed for ternary blends of 30% Class F FA, 30% SL, and 10% SF with RCP
value of 200 Coulomb at 56 days. Sahmaran et al. (2009) reported that regardless of FA type,
SCC mixtures containing FA exhibited lower chloride-ion migration compared to similar
mixtures made with 100% cement. Their results also indicated that sorptivity of the concretes
containing Class C and Class F FAs decreased with the increase in FA content. Hwang and
Khayat (2009) pointed out that for SCC mixtures made with a binder content of 475 kg/m® (800
Ib/yd®) and a w/cm of 0.35 and 0.42, the use of the quaternary blend of FA, SL, and SF resulted
in substantial reduction in capillary porosity and critical pore diameter. This can be due to the
greater synergistic effect of using three SCMs.

Yurdakul et al. (2013) investigated the influence of SCMs on electrical resistivity of concrete

mixtures made with a binder content of 356 kg/m* (600 Ib/yd®) and w/cm of 0.40 and 0.45. For a
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given w/cm, the increase in the replacement level of Class F FA in binary mixtures can lead to
higher electrical resistivity, whereas binary mixtures with Class C FA exhibited similar results to
control mixtures. They reported that binary mixtures with slag cement exhibited the greatest
resistivity among all of the evaluated mixtures. Uysal et al. (2012) found that SCC mixtures with
a w/cm of 0.33 and containing 35% FA or 60% SL are shown to have RCP values of 150 and
120 Coulomb compared to the 1250 Coulomb for the control mixture with 100% OPC. This
reduction in chloride ion penetration can be due to the denser microstructure and higher amount
of alumina (Al;Os3) in mixtures containing SL and FA. As the alumina content increases the total
charge decreases, which can lead to higher resistance to chloride ion penetration. Uysal and
Akyuncu (2012) investigated the effect of Class C and F FAs at replacement levels of 10% and
17% on transport properties and frost durability of concrete mixtures made with various binder
contents, varying between 260 and 400 kg/m® (440 and 675 Ib/yd®) . In general, given higher
pozzolanic reaction of Class F FA, mixtures made with Class F FA exhibited higher resistance to
chloride ion penetration and lower sorptivity compared to the similar mixture made with Class C
FA at 91 days. The rate of weight loss of concrete after freezing and thawing increased when
increasing the replacement level of Class C and Class F FAs. Hwang and Khayat (2009) reported
that for SCC prepared with w/cm of 0.35 and 0.42 and a binder content of 475 kg/m® (800
Ib/yd®), the use of 25% SL and 5% SF led to 8% higher frost durability compared to those
prepared with the 25% Class F FA and 5% SF.

In general, the incorporation of glass particles has been shown to enhance the transport
properties of concrete. Chen et al. (2006) reported that the incorporation of waste glass in
mortars as natural sand replacement at levels of 25%, 50%, 75%, and 100% by weight, led to

higher resistance to chloride ion penetration. Du and Tan (2014) found that the use of glass sand
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(a) Effect of CaO-based EX (b) Effect of MgO-based EX

(c) Combined effect of CaO-based EX and (d) Effect of LWS types and CRA
LWS-1
Figure 4-21- Autogenous shrinkage of mortars made with various binder compositions and
shrinkage mitigating materials

Figure 4-22- Effect of using LWS on RH of mortars over time
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4.3.4. Drying shrinkage

Figure 4-23 shows the drying shrinkage of mortars made with different shrinkage mitigating
materials and initial moist curing durations. Regardless of initial moist curing period, all
mixtures containing shrinkage mitigating materials exhibited lower drying shrinkage than control
mixture made with 100% OPC. For a given IMCP, mixtures proportioned with CaO-based EX
exhibited larger expansion values compared to the similar mixtures made with 5% MgO-based
EX. It is important to note that effectiveness of incorporating shrinkage mitigating materials to
control shrinkage was shown to be significantly affected by the IMCP, especially for EX
systems. As shown in Figure 4-23 (b) and (c), in the absence of IMCP, mixtures made with 7.5%
EX or 5% MgO-based EX systems resulted no expansion. However, in the presence of 6 days of
IMCP, the EX1 mixture resulted in an expansion of 450 pustrain after 6 days followed by a
shrinkage of —460 pstrain after 360 days compared to —865 pstrain for a similar mixture when no
IMCP was applied. Therefore, for EX systems, an initial moist curing should be applied to

develop its potential expansion and consequently lower drying shrinkage.

As in the case of autogenous shrinkage, the incorporation of EX for a mixture made with a SCM
replacement resulted in larger expansion and lower drying shrinkage compared to the similar
mixture containing 100% OPC. In other words, for a given IMCP, mixtures made with SCM
replacement resulted in higher expansion when combined with EX. For example, in the case of 6
days of IMCP, the E-SL20FA35 mixture exhibited an expansion of 670 pstrain compared to the

450 pstrain for similar mixture containing OPC and 7.5% CaO-based EX.

The duration of initial moist curing period was shown to have higher impact on shrinkage
reduction than LWS replacement. In other words, moist-cured mixtures exhibit lower drying

shrinkage compared to the use of 25% LWS without moist-curing. Unlike the autogenous
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shrinkage trend, the combined use of EX and LWS resulted in lower expansion magnitude along
with shorter expansion duration. Comparison between the investigated two different LWSs in
Figure 4-23 (e) indicates that the use of LWS-1 is more efficient to reduce the drying shrinkage.
This is attributed to the larger desorption capacity of this aggregate which can provide more

internal water, thus resulting in lower shrinkage.
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Figure 4-23- Drying shrinkage of mortars made with various binder compositions and
shrinkage mitigating materials as a function of IMCP
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4.4. Development of Eco and crack-free HPC

This subtask was undertaken to optimize the mix design and evaluate the performance of Eco
and crack-free HPC. Based on the obtained results from Subtask 2-1, 2-2, and 2-3, the effect of
different binder compositions, aggregate characteristics, and shrinkage mitigating materials were
incorporated to design Eco- and crack-free HPC with different targeted applications (Eco-Pave-
Crete and Eco-Bridge-Crete). The investigated mix design parameters are summarized in

Table 4-13 presents the mixture proportions of the investigated Eco- and crack-free mixtures.
The binder contents varied between 320 (540 Ib/yd®) and 350 kg/m® (590 Ib/yd®) for pavement
and transportation infrastructure applications, respectively. The OPC reference mixture was
made with 100% cement and binder content of 350 kg/m® (590 Ib/yd®). The investigated mix
design parameters included four different binder compositions, two types of fibers, and two
various shrinkage mitigating materials. Depending on the targeted application, the HRWR
dosage was adjusted to secure the slump consistencies varying between 50 mm and 200 mm (2 -
8 in.). The AEA concentration was also adjusted to ensure the fresh air volume of 5% + 2% for
all mixtures. The w/cm was fixed at 0.4 for all mixtures. The investigated test properties included

workability, shrinkage, mechanical properties, and durability.

Table 4-12.
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Table 4-13 presents the mixture proportions of the investigated Eco- and crack-free mixtures.
The binder contents varied between 320 (540 Ib/yd®) and 350 kg/m* (590 Ib/yd®) for pavement
and transportation infrastructure applications, respectively. The OPC reference mixture was
made with 100% cement and binder content of 350 kg/m® (590 Ib/yd®). The investigated mix
design parameters included four different binder compositions, two types of fibers, and two
various shrinkage mitigating materials. Depending on the targeted application, the HRWR
dosage was adjusted to secure the slump consistencies varying between 50 mm and 200 mm (2 -
8 in.). The AEA concentration was also adjusted to ensure the fresh air volume of 5% + 2% for
all mixtures. The w/cm was fixed at 0.4 for all mixtures. The investigated test properties included

workability, shrinkage, mechanical properties, and durability.

Table 4-12- Investigated mix design parameters in Subtask 2-4

Shrinkage
mitigating
strategy

Fiber type and

Binder content Binder type content

Codification Description

320 350

EX

(kg/m’)  (kg/m?)

60% OPC + 40%
Class C FA
45% OPC + 20%
SL + 35% Class C
FA
35% OPC + 60%
SL + 5% SF
TUF strand fiber
(0.35%)
STRUX® 90/40
synthetic fiber
(0.35%)
Recycled steel
fiber from tire
(0.35%)
7.5% CaO-based

Reference
mixture

320-20SL-35FA Effect of
350-20SL-35FA binder type

350-OPC
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320-40FA X X

350-60SL-5SF X X

350-20SL-35FA- Ny Ny Ny
25LWS

320-40FA-25L WS Efif,f/ts‘)f X X X
350-60SL-5SF- Ny Ny Ny
25LWS

350-20SL-35FA- ) ) )

0.35FT

350-20SL-35FA- Effect of X X X

0.35FG fiber type

350-20SL-35FA- ) ) §
0.35FRW

350-20SL-35FA- Effect of N} )

7.5EX EX

350-20SL-35FA- Combined Ny ) )

7.5EX-0.35FT wffect of

350-20SL-35FA- fiber and ) ) ;

7 5EX-0.35FRW EX

OPC: Ordinary portland cement, SL: Blast furnace slag, CFA: Class C fly ash, and SF: silica fume,

EX: expansive agent, LWS: lightweight sand

Codification: 350-20SL-35FA-7.5EX-0.35FRW: Binder content of 350 kg/m® containing 20% SL, 35%
FA and 7.5% CaO-based EX and 35% recycled steel fibers

1 kg/m® = 1.685 Iblyd®
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Table 4-13- Mixture proportions of investigated Eco and crack-free HPC mixtures

350- 350- 350- 350- 350- 350-20SL-  350-20SL-
Z%ZSOI:- 2?65SO|:- 320- 6%580L—- 4%?:% 20SL- 60SL- 20SL- 20SL- 20SL- 35FA- 35FA-
35EA  35EA 40FA ESE 25LWS 35FA- 5SF- 35FA- 35FA- 35FA- 7.5EX- 7.5EX-
25LWS  25LWS 0.35FT 0.35FRW  7.5EX 0.35FT 0.35FRW
Cement
(kg/m®) 350 144 158 192 158 192 158 158 158 158 158 145 158 158
Fly ash
(kg/m?) — 97 106 111 — 111 106 — 106 106 106 98 106 106
Slag (kg/m?) — 60 64 — 192 — 64 192 64 64 64 60 64 64
Silica fume
Water
(kg/m®) 140 128 140 128 140 128 140 140 140 140 140 140 140 140
Sand (kg/m3) 744 761 744 761 744 570 560 560 744 744 744 560 744 744
’&%%m%;g 465 475 465 475 465 476 465 465 555 555 650 465 555 650
‘(?(%%r'ng) 650 666 650 666 650 666 650 650 565 565 480 650 565 480
LWS (kg/m’) | — — — — — 190 186 186 — —_ _ — _ —
CaO-based o o o o - - o o - o o
EX (kg/m®) 23 23 23
SA?S:nEy — | = — | = | = — — — 0.35 0.35 &33 — 0.35 0.35 (steel
(type) — — — — — — — — (synthetic) | (synthetic) fibers) (synthetic) fibers)
HRWRA
(I/kgs) 1.12 0.45 0.89 0.9 1.05 1.1 1.05 1.25 1.05 1.2 1.2 09 11 14
AEA
(mlikg?) 28 26 28 16 17 17 14 17 20 20 14 15 15 15

1 kg/m® = 1.685 Iblyd®

133



The results of HRWR demand and slump consistency of the investigated HPC mixtures are
shown in Figure 4-24. For a given slump consistency, HPC mixtures prepared with binary and
ternary of SCMs required lower HRWRA demand to achieve required slump consistency
compared to the control mixture made with 100% cement. This can be due to the lower water
demand and higher packing density of SCMs binders. All mixtures exhibited no surface bleeding
which is usually measured by collecting the excess surface solution as a function of time after
placement (ASTM C232). As expected, mixtures containing fibers exhibited higher HRWR

demand compared to similar mixtures made without any fiber.

2 B Slump -=HRWR demand

18
16
14
12
10

Slump (cm)

[=RN RNy
HRWR demand (% by mass of binder)

OPC
320-20SL-35FA
350-20SL-35FA

350-205L-35FA-0.35FT
350-20SL-35FA-0.35FG
320-40FA

350-60SL-5SF
320-40FA-25LWS
350-60SL-5SF-25LWS
350-20SL-35FA-7.5EX
350-20SL-35FA-7.5EX-0.35FT
350-20SL-35FA-0.35FRW
350-20SL-35FA-25LWS
350-20SL-35FA-7.5EX-0.35FRW

Figure 4-24- Slump consistency and HRWR demand of HPC mixtures

Mechanical properties

The results of mechanical properties development of the investigated concrete mixtures are
compared in Figure 4-25. As expected, the mixture made with 100% cement developed higher

early-age compressive strength. On the other hand, the majority of the investigated mixtures
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resulted in approximately similar compressive strength value of 50 MPa (7252 psi) as that of the
control mixture made with 100% OPC. The incorporation of fibers in concrete containing high
volume of SCMs was shown to have 0 to 35% higher splitting tensile and flexural strengths than
the control mixture made with 100% cement. The highest splitting tensile and flexural strength
was obtained for the mixture made with 35% recycled steel fibers containing 20% SL and 35%
FA. This mixture also exhibited similar compressive strength to the control mixture. For a given
binder type and content, mixtures incorporating steel fibers recycled from scrap tires resulted in
higher mechanical properties compared to the synthetic fibers for a given fiber content. All

mixtures met the compressive strength requirements.

Shrinkage

The autogenous and drying shrinkage of the reference and Eco-HPC mixtures are presented in
Figure 4-26. Mixture made with 100% cement exhibited the highest autogenous and drying
shrinkages of 180 and 550 pstrain after 120 and 300 days of drying, respectively, compared to
other Eco-HPCs made with SCMs and fibers. The incorporation of 7.5% CaO-based EX resulted
in significant early-age expansion in autogenous and drying shrinkage. The 350-SL20FA35
mixture containing 7.5% CaO- based EX exhibited 180 pstrain expansion after three days of

moist curing followed by 250 pstrain shrinkage after 300 days of drying.
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Figure 4-25- Mechanical properties of HPC mixtures
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Figure 4-26- Shrinkage of HPC mixtures

Durability

Figure 4-27 compares the electrical resistivity results of the investigated concrete mixtures. The
lowest electrical resistivity (10 kQ.cm) was observed for the reference mixture. Ternary blends

of 60% SL and 5% SF exhibited the highest electrical resistivity of 80 kQ.cm among the
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mixtures. According to the proposed relationship between surface resistivity and rapid chloride
ion permeability by Chini et al. (2003), mixtures containing 60% SL replacement can be

considered to exhibit low chloride ion permeability, regardless of shrinkage reducing materials.

m28-day m 56-day 91-day

Bulk resistivity (kQ.cm)

&)
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=]
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Figure 4-27- Electrical resisivity of HPC mixtures

The results of deicing salt scaling rating and cumulative mass of scaling residue of the
investigated mixtures are presented in Table 4-14 and Figure 4-28, respectively. For a given
w/cm, the partial substitution of cement by SCMs was shown to increase the mass of scaling
residue compared to the reference mixture made with 100% OPC. Relatively high scaling values
were obtained for binder compositions made with high volume SCM replacements of more than
50%. As presented in Table 4-14, all Eco-HPC mixtures exhibited the mass scaling rating lower
than 4 after 50 freeze-thaw cycles. In the case of using high volume SCMs, the reduction of
w/cm and stability of air void system would be beneficial in enhancing the resistance to de-icing

salt scaling.
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Table 4-14- Deicing salt scaling rating of HPC mixtures

Number of freeze-thaw cycles

Mixtur
patie 14 21 28 | 3 4

OPC |
320-20SL-35FA |
350-20SL-35FA |
320-40FA |
350-60SL-5SF |
|
|
|

320-40FA-25LWS
350-60SL-5SF-25LWS
350-20SL-35FA-7.5EX

350-20SL-35FA-7.5EX-0.35FT

350-20SL-35FA-0.35FRW

350-20SL-35FA-25LWS

350-20SL-35FA-7.5EX-0.35FRW
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Figure 4-28- Mass of scaling residue of HPC mixtures with frezze-thaw cycles
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4.5. Key engineering properties and durability
This subtask was aimed to further evaluate key engineering properties and durability of the
optimal mixtures selected in the Subtask 2-4. Based on the obtained results from Subtask 2-4,
four optimal concrete mixtures (with and without fibers) were selected for targeted applications,
as listed in Table 4-15. Various tests were carried out to assess the workability, shrinkage,
restrained shrinkage and cracking resistance, as well as mechanical properties and durability.

Table 4-15- Selected mixtures used in Subtask 2-5

Fiber type Shrinkage
Binder content Binder type and mitigating
content materials

Concrete

type Mixture

320 350
(kg/m’)  (kg/m?)

CFA
45% OPC + 20% SL +
35% Class C FA
5% SF
TUF strand fiber
(0.35%)
Recycled steel fiber
from tire (0.35%)
7.5% Type G EX

35% OPC + 60% SL +

n

o)
i
@)
N
)
<
+
O
a
©)
N
)
o

320-40FA-25LWS
Eco-Pave-

Crete

320-20SL-35FA-
7.5EX-0.35FT

350-60SL-5SF-
Eco-Bridge- 25LWS

Crete 350-20SL-35FA-
7.5EX-0.35FRW

Mechanical properties

The development of mechanical properties of the selected Eco-HPCs is presented in Figure 4-29.
The mixture made with 0.35% recycled fibers and containing 20% slag and 35% fly ash
replacements developed approximately similar compressive strength as that of the control

mixture made with 100% cement. The incorporation of fibers in concrete made with high volume
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of SCMs is shown to have 30% higher splitting tensile strength than that of the control mixture
made with 100% cement. The mixture made with 0.35% recycled steel fibers developed the
greater area under load-deflection curve compared to other mixtures proportioned with synthetic
fiber. The reference mixture developed the lowest ductility behavior and residual strength among
all mixtures. The 56-day flexural toughness (area under the load-deflection curve) results of
mixtures made with fibers are compared in Figure 4-29 (e). It is interesting to note that for a
given fiber content, the use of steel fibers recovered from waste tires had two times higher
flexural toughness compared to the similar mixture made with synthetic fibers. In addition, the
incorporation of expansive agent in combination with fibers (especially steel fibers) would
enhance the reinforcing mechanism provided by fibers. This may be due to the induced
compressive stress provided by expansive cements which can lead to forming of internal pre-
stressed condition in concrete. Internal pre-stressed concrete may result in higher residual
strength and flexural toughness. Bentz and Jensen (2004) also reported that as long as proper
restraint is provided, the expansion of self-stressing materials can pre-stress concrete and

improve its tensile capacity.

141



Compressive strength (MPa)

MOE (GPa)

P I B SNV - )
o o o o o o o

40

30

20

u 7-day 28-day m 56-day u 91-day
@ @
z Z z E z
= = - -
s 3 =
~ @ 7 ]
@ = D b
o ] - 2
P 3 i -
= 2 -
) w LY
K he 7
= 2
z a
H &
S
> “
Wi
-

(a) Compressive strength
28-day u 56-day u9]-day

o]
[
=]

350-60SL-55F-25LWS
320-40FA-25LWS

350-20SL-35FA-7.5EX-0.35FRW
320-208L-35FA-7.5EX-0.35FT

(c) Modulus of elasticity

4.3

3.0
25

Splitting tensile strength (MPa)

2100

1800

1500

Load (Ib)

9200

600

300

u 28-day m 56-day m 9]-day

4.0 |
35 F

20 |
1.5 |
1O [
05 |

1200

OPC

350-60SL-58F-25LWS
320-40FA-25LWS

350-20SL-35FA-7.5EX-0.35FRW
320-20SL-35FA-7.5EX-0.35F T

(b) Splitting tesnile strength

—350-20SL-35FA-7.5EX-0.35FRW
—350-0PC
—320-20SL-35FA-7.5EX-0.35F T

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Deflection (in)

(d) Load-deflection response at 56 days

Toughness (N.m)

=]
350-OPC I

320-20SL-
35FA-7.5EX-
0.35FT

350-20SL-
35FA-7.5EX-
0.35FRW

(e) Toughness of selected mixtures at 56 days
Figure 4-29- Mechanical properties of selected HPC mixtures

(Note: 1 MPa = 145.04 psi)
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Shrinkage

The results of drying and restrained shrinkage of the selected mixtures are shown in Figure 4-30.
Restrained shrinkage and cracking potential of mixtures were evaluated using ASTM C1581 ring
test. Mixture made with 100% cement exhibited the highest drying shrinkages of 550 pstrain
after 250 days of drying. The optimized Eco-HPC mixtures had lower drying shrinkage of 300
ustrain after 250 days of drying. The incorporation of 7.5% Type G expansive agent resulted in a
significant early-age expansion of 100 pstrain. It is interesting to point out that no restrained
shrinkage cracking was observed for the optimized concrete mixtures after 55 days of testing.
However, the control mixture made with 100% cement exhibited elapsed time to cracking after
22 days. For mixtures containing EX, the tensile stress induced by restrained shrinkage was
compensated by expansion induced by using EX, thus reflecting no cracking after 55 days.
Average stress rate and cracking potential classification of investigated mixtures are summarized
in Table 4-16. In accordance with ASTM C1581, the stress rate development induced by

restrained shrinkage at the age of cracking can be calculated as follows:

G Olayg

ok

where ¢ is the stress rate in each test specimen, MPa/day (psi/day), G is a constant based on the

(4-7)

ring dimension 72.2 GPa (10.5 x 10° psi), and t, is the elapsed time to cracking or elapsed time
when the test is terminated for each test specimen. |aayvg| IS the absolute value of the average

strain rate factor for each test specimen, (pstrain/day/?

) which is determined as a slope of a fitted
line between steel strain and square root of elapsed time. Mixtures made with EX had positive
strain rate factor due to the expansion of such mixtures. In accordance with ASTM C1581, the

reference mixture made with 100% cement was considered to exhibit moderate shrinkage

cracking potential. On the other hand, mixtures proportioned with shrinkage reducing materials
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have low cracking potential with compressive stress rate ranging between -6.9 to 1.7 MPa/day

(-1000-247 psi/day).
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Figure 4-30- Shrinkage of selected HPC mixtures

Table 4-16- Cracking potential classification of HPC mixtures

. . Potential of
Time to Average strain .
Mixture cracking rate factor B LS SUEIEL SN
(day)  (ustrain/day™?) (PR GEEE
y H y 1581)
350-OPC 22 -23.6 -26.4 (tension) Moderate
350-20SL-35FA-7.5EX-0.35FRW — 2.4 1.7 (compression) Low
350-60SL-5SF-25LWS — -4.9 -3.5 (tension) Low
320-20SL-35FA-7.5EX-0.35FT — 1.3 1 (compression) Low
320-40FA-25LWS — -9.7 -6.9 (tension) Low

Note: 1 MPa = 145.04 psi

Durability

The performance of the selected Eco-HPCs for different durability aspects is presented in Figure
4-31. All selected Eco-HPC mixtures developed approximately similar performance as that of

the control mixture made with 100% OPC. All Eco-HPCs developed frost durability factor
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Figure 4-31- Durability performance of selected HPC mixtures
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Figure 5-1- Slab section used for shrinkage deformation evaluation
Table 5-1- Selected concrete mixtures for slab sections
Shrinkage

mitigating
MECELS

Fiber type
and content

(@]
(@]
>
—
D
>
=3

Concrete

Codification
type

Reinforcement

350 kg/m? (590 Ib/yd®)
375 kg/m3 (630 Ib/yd3)
75% OPC + 25% Class C
35% Class C FA
TUF strand fibers
Steel fibers from tire

45% OPC + 20% SL +

MoDOT
reference FA25
mixture

SL20FA35-
25LWS
SL20FA35-
7.5EX-
0.35FRW

Optimized Eco-
Bridge-Crete
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cold junction temperature required to compute the temperature at the soldered end of the
thermocouple. The multiplexer was controlled by the CR1000 data logger. In addition to the

strain and temperature instrumentation, relative humidity sensors were collected.

Embedded strain gauge

Thermocouple

Relative humidity

sensor

(b)

Figure 5-6- Instrumentation layouts

(a) Layout A: 3 embedded strain gauges in longitudinal direction, 3 thermocouples and 3
relative humidity sensors

(b) Layout B: 4 embedded strain gauges (two longitudinal and two transverse directions), 2
thermocouples and 2 relative humidity sensors

3ft !
{Point C

®I 0.5 ft

3ft

Figure 5-7- Instrumentation location plan for each slab
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the concrete, respectively. All concrete mixtures were made in local concrete batching plant to
confirm the ability of proposed concrete mixtures to apply under actual field conditions. The
HRWR dosage was adjusted to secure the slump consistencies varying between 150 mm and 200
mm (6 — 8 in.). The AEA concentration was also adjusted to ensure the fresh air volume of 5% +
2% for all mixtures. The w/cm was fixed at 0.4 for all mixtures. In total three concrete slabs were
constructed including two optimized Eco- and crack-free HPC and a control concrete slab using
MoDOT reference mixture targeted for bridge deck, as given in Table 5-1.

After casting, the top surface of the beams was covered with wet burlap and plastic sheeting, and
a wet surface was maintained for seven days to retain moisture for a proper initial moist curing.
The burlaps and plastic sheets were removed, and the slabs were exposed to air drying in the lab
environment. Shrinkage of the investigated concrete mixtures is not affected by humidity and
temperature variations caused by seasonal changes. Therefore, the shrinkage results of the
investigated concrete mixtures can be isolated from warping and curling deformations caused by
seasonal variations. The slab construction procedures, including concrete arrival using mixing

truck, placement, consolidating, finishing, and curing, are presented in Figure 5-8.
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Figure 5-8- Concrete slab construction procedures
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Shrinkage deformation and relative humidity measurement

Figure 5-9 present the results of shrinkage deformation along the height at different stations of
the investigated slabs. In this figure, negative and positive signs correspond to shrinkage and
expansion, respectively. As mentioned earlier, all slabs were subjected to wet curing using wet
burlap and plastic sheet for seven days before exposure to air drying condition. The results of
shrinkage deformation were shown to be a function of concrete mix design, location, and depth
of slab. Expectedly, slab made with 25% FA replacement exhibited higher magnitude and rate of
shrinkage deformation compared to the optimized Eco-Bridge-Crete. This difference became
more dominant for the top surface of concrete slab. For instance, cluster A (i.e., station A in
Figure 5-7) of the control slab had an expansion of 100 pstrain after 7 days of wet curing
followed by 100 pstrain shrinkage after 30 of drying (see sensor 1-M-SL-3 in Figure 5-9).
However, no shrinkage deformation was observed for other slabs prepared with optimized Eco-
Bridge-Crete, as shown in Figure 5-9.

Regardless of the concrete composition, the top part of slab underwent larger shrinkage
deformation compared to the mid-height and bottom part of slab thickness. This is attributed to
faster evaporation rate of top surface of concrete, as indicated in Figure 5-10. Given the
expansion induced stresses, the SL20FA35-7.5EX-0.35FRW mixture containing 7.5% CaO-
based EX exhibited significant expansion. The magnitude of expansion was shown to vary along
the height of slab. Strain gauges located at the top part of concrete slab experienced larger extent
of expansion compared to the middle and bottom parts of slab. For example, top surface of
concrete exhibited 600-800 pstrain expansion compared to 350-400 pstrain expansion recorded
for sensors located at the middle and bottom parts of slab. This is on account of higher exposure
of top surface to the moist curing provided by wet burlap during the first seven days. As

explained earlier, the effectiveness of EX to generate expansion is significantly affected by the
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initial moist curing. The penetration of water into concrete slab at early-age can provide more
water to facilitate the hydration of CaO-based EX, thus indicating larger magnitude of
expansion. The incorporation of 25% LWS was shown to be fully effective at reducing shrinkage
rate and magnitude. No shrinkage was obtained for slab made with 20% SL and 35% FA
containing 25% LWS. This confirms that the combined use of SCM replacement and LWS can
be fully beneficial at reducing shrinkage rate and magnitude. As presented in Figure 5-10, slab
containing 25% LWS exhibited higher relative humidity after 30 days of drying. This enhanced
relative humidity of paste matrix is attributed to the internal curing provided by LWS which can
maintain larger relative humidity within the paste matrix for a longer duration.

It can be noticed from Figure 5-9 that shrinkage deformations recorded for side and corner
(stations B and C in Figure 5-7) points of slab were larger than that of the sensors located at the
center (station A) of slab. This is due to faster rate of evaporation of concrete surface, as
confirmed in Figure 5-10. This was consistent with results of humidity sensors placed at the side
and corner parts of slab, where exhibited larger drop in relative humidity compared to that of the
middle sensor, irrespective of concrete composition. Interestingly, this effect was less dominant
for slab made with 25% LWS. The lowest relative humidity values observed for the FA25,
SL20FA35-25LWS, and SL20FA35-7.5EX-0.35FRW mixtures were 82%, 96%, and 90%,
respectively, which were recorded by RH sensors located at the top-corner part of slab. The
shrinkage deformation values corresponding to such RH sensors were 80 pstrain (shrinkage), 40
pstrain (expansion), and 400 pstrain (expansion) for the FA25, SL20FA35-25LWS, and
SL20FA35-7.5EX-0.35FRW mixtures, respectively, after 30 days of drying. Such shrinkage
values corresponded to the largest deformation registered by sensors (the most critical point)

after 30 day of drying. Trends of shrinkage deformation recorded by the transverse strain sensors
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are similar to those of the longitudinal sensors. This phase is currently underway to achieve the

stabilized shrinkage deformation.
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Figure 5-10- Relative humidity variations along height of slabs at different stations

(All slabs were moist cured for seven days before exposure to air drying)

Temperature measurement

Figure 5-11 shows the temperature variations at different locations along the height of the
investigated slabs. It is interesting to note that the slab FA25 made with higher binder content
and lower OPC replacement (i.e., only 25% FA substitution) developed higher temperature rise
(due to the hydration evolution of binder after concrete placement) compared to other slabs made
relatively high volume SCMs. The maximum temperature recorded for slabs made with FA25,
SL20FA35-25LWS, and SL20FA35-7.5EX-0.35FRW mixtures were 46°C, 38°C, and 42°C,
respectively. The lowest temperature rise registered by embedded thermocouples was obtained
for slab prepared with 25% LWS. This mixture also exhibited lower rate of heat transfer
compared to the faster heat reduction observed for other mixtures.

As shown in Figure 5-11, the embedded thermocouples located at three depths within the deck
depth captured similar temperature variation throughout the section. This is due to placement of

slabs in lab environment which had consistent daily temperature. Regardless of the concrete mix
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design, all slabs had similar temperature of 25°C after 30 days of drying which was consistent

with ambient temperature registered for lab condition.
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Figure 5-11- Temperature variations along height of slabs at different stations

(All slabs were moist cured for seven days before exposure to air drying)
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5.2. Structural performance of reinforced concrete beams
The aim of this subtask was to evaluate the flexural strength of reinforced concrete beams made
with selected Eco-Bridge-Crete mixtures that were optimized in Task Il. The results were
compared with those obtained from beams made with the MoDOT reference mixture. The detail

of the selected concrete mixtures used for reinforced concrete beams is given in Table 5-4.

Table 5-4- Selected concrete mixtures for reinforced concrete beams

Shrinkage
reducing/compensating
materials

Binder : Fiber type and
wiem - ontent STEAE content

Concrete type

35% Class C FA
TUF strand fibers
(0.35%)
7.5% Type G EX

350 kg/m* (590 Ib/yd®)
375 kg/m® (630 Iblyd®)
35% OPC + 60% SL +

Steel fibers from tire

75% OPC + 25% Class
45% OPC + 20% SL +

MoDOT
reference
mixture

Eco-Bridge-

Crete

The beam dimensions, reinforcement layout, and position of strain gauges are depicted in Figure
5-12. All beams had identical reinforcement layout, as shown in Figure 5-12. The beams were

reinforced with three longitudinal #4 bars for tension, two longitudinal #3 bars for compression,
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and steel stirrups of #3. The side and vertical clear covers were kept constant at 25 mm (1 in.) for
all the beams. Each beam measured 2.40 m (8 ft.) in length with a cross section of 200 x 300 mm
(8 x12 in.). All of the beams had #3 stirrups spaced at 4 in. within the bearing area to prevent

premature failure, as well as #3 stirrups spaced at 5 in. within the middle region to prevent shear

failure.
g
T T
}> ) -—
din 5in.
|
3 strain gauges for reinforcement l
1 lateral strain gauge (long) for concrete LVDT for midspan
. deflection
1 top strain gauge (long) for concrete
BIU
1 n 6“ 1:!
al 1.
=
243
#3@5 = BN
- -
344 e o ©
— _]

Figure 5-12- Reinforcement layout and locations of strain gauges for test beams

Figure 5-13 shows the fabrication and instrumentation of reinforcing cages. After assembling of
reinforcement cages, the beam specimens were instrumented with different types of
measurement devices in order to monitor global and local deformations and strains. The load is
directly measured from the load cell of the actuators. All devices are connected to a data
acquisition system capable of reading up to 120 channels. Two types of electrical resistance

gauges were used to monitor local strains in the longitudinal reinforcing bars and concrete of the
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test beams. The strain gauges consisted of constantan foil with 120 ohm resistance and had a
linear pattern (uniaxial) with various gauge lengths of 6 and 70 mm (0.25 and 3 in.). All beams
were instrumented using three small strain gauges bonded on longitudinal reinforcing bars
located at the bottom (see Figure 5-13) as well as two long strain gauges placed on top and
lateral side of concrete surface at the mid-span. In addition to strain gauges, a linear variable
displacement transducer (LVDT) was used to monitor vertical deflection of the test beam under

flexural testing.

Figure 5-13- Fabrication and instrumentation of reinforcing cages

A loading system with hydraulic jacks and a load cell of 500 kKN (maximum capacity) closed-
loop MTS actuator was used to test beams under four-point bending, as demonstrated in Figure
5-14 . A displacement controlled mode at a rate of 1.2 mm/min (0.05 in./min) was selected for
applying the load. The actuator was supported by a steel frame and the load was transferred from
the actuator to the tested beam through a steel spreader I-beam applied on the full width of the
beam. A roller support was obtained by placement a steel cylinder between two steel flat plates.
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A pin support was obtained by using specially adapted steel I-beam. The upper plate of the I-
beam had a spherical groove and the plate was supported on the web plate which had a spherical
end to house the plate and allow rotation. At each end of the tested beam, the roller and pin
support were rested on steel I-beam, which was secured on the rigid floor of the lab. The
combination of the two point loads and the two supports resulted in the desired four-point
loading system. During loading, the crack pattern on the sides of the beams was marked and
recorded. The applied load, deflection, and strain readings were electronically recorded during

the test using data acquisition system monitored by a computer.

//L -"e;%'
V' el e !

B iF
- if

Figure 5-14- Beam flexural test setup

The beam was supported at two points 150 mm (6 in.) from the both ends and was loaded in the
middle using two point loads separated by 300 mm (12 in.), as shown in Figure 5-15. The
applied load was measured by the internal load cell on the actuator and the beams were
instrumented with LVDT and strain gauges for steel reinforcement and concrete, as shown in

Figure 5-16. The loading was stopped when the first crack appeared. The first crack appearance
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was manually monitored and the width of the major crack was measured using a hand-held
microscope. The visual observation of crack development was followed up throughout the

loading operation. The crack network distribution on the lateral surface of the beams was

marked.

36 12 36

x
Y
x
N

A (o 2

top strain gauge for concrete

lateral strain gauge for concrete

3 strain gauges for remforcement

Figure 5-15- Loading and strain-control systems (dimensions expressed in in.)

LI N _,-—'—; p—
strain gauges on upper surface and lateral LVDT at mid-span
side of beam mid-span

Figure 5-16- Installation of LVDT and strain gauges on surface of concrete beam

All concrete mixtures were made in local concrete batching plant to confirm the ability of

proposed concrete mixtures to apply under actual field conditions. The beam construction
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procedure is shown in Figure 5-17. Due to the incorporating high-volume SCMs in proportioning
of Eco-HPC mixtures, the beams were cured between 35-56 days (Table 5-5) using wet burlap

and plastic sheet before testing.

Concrete cylinders measuring 100 x 200 mm (4 x 8 in.) were prepared to evaluate the
compressive strength of concrete mixtures used for beams. All samples were subjected to similar

environmental condition to those of the concrete beams to simulate match curing condition. The
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compressive strength results of concrete mixtures are present in Table 5-5. Regardless of binder
composition and fiber inclusion, all mixtures achieved target range of 40 to 50 MPa (5800-7300

psi) at the age of testing.

Table 5-5- Compressive strength results of concrete mixtures used for beams

: Testing age .
rI\]/(Ijllxture Codification ( da?/) g Compre(sl\s/ll\éz)strength
Bl SL20FA35 56 47
B2 SL20FA35-7.5EX-0.35FT 50 53
B3 SL60SF5-25LWS 45 55
B4 SL60SF5-7.5EX-0.35FRW 45 50
B5 FA25 (MoDOT reference mixture) 40 50
B6 SL20FA35-25LWS 40 47
B7 SL20FA35-7.5EX-0.35FRW 40 45

(Note: 1 MPa = 145.04 psi)

Load-deflection response

The load-deflection responses of the investigated reinforced concrete beams are shown in Figure
5-18. The load-deflection relationship is tri-linear for all beams. The initial part up to flexural
cracking was similar for all beams, which represents the behavior of the uncracked beam that
depends on the gross moment of inertia of the concrete cross-section. The second part,
corresponding to post-cracking up to steel yielding, represents the cracked beam with reduced
moment of inertia. The third part, corresponding to steel yielding up to failure, shows
degradation in the stiffness of the beams due to yielding of the reinforcing steel. Regardless of
the binder composition, all concrete beams made with relatively high volume SCMs exhibited
approximately comparable ultimate load to that of the FA25 (MoDOT reference mixture), as

shown in Figure 5-18. It is noticed that the incorporation of either 0.35% structural synthetic
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Figure 5-20- Crack patterns of tested beams at failure
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Figure 5-21- Deflection-crack width relationship of tested beams

The load-strain traces of steel reinforcement and concrete of the tested beams are shown in
Figure 5-22. As expected, the top surface of concrete developed more strain values compared to
the lateral side of concrete surface, regardless of concrete composition. The strains were
proportional to the mid-span deflections and consistent with crack widths indicated in Figure
5-20 and Figure 5-21. It can be noticed from Figure 5-22 that the use of fibers, especially
recycled steel fibers, can delay yielding point of rebars and enhance the capacity of concrete
before subjected to crushing in the compression zones. This is attributed to the inclusion of fibers

which restrict the opining of cracks under loading.
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Figure 5-22- Load-strains of steel reinforcement and concrete response of tested beams

Toughness

Figure 5-23 compares the toughness results up to the failure of the tested beams. The toughness

was obtained by calculation of the surface area under the curve of load-deflection of the beam.

The inclusion of either structural synthetic fibers or recycled steel fibers was shown to
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substantially enhance the toughness of beam. For example, beams made with SL20FA35-7.5EX-
0.35FT, SL60SF5-7.5EX-0.35FRW, and SL20FA35-7.5EX-0.35FRW concrete mixtures
developed 120%, 135%, and 130% higher flexural toughness, respectively, compared to the
control beam prepared with  MoDOT reference mixture. The highest load carrying capacity of
64500 Ib.in was obtained for concrete beam made with 60% slag and 5% SF replacements and
having 0.35% recycled steel fibers. In the absence of fibers, all concrete beams made with 350
kg/m® (590 Ib/yd*) more than 50% OPC replacement exhibited comparable flexural toughness to
that of the control beam prepared with 375 kg/m? (630 Ib/yd®) containing 25% FA replacement.
Therefore, in spite of incorporating high volume SCM replacements (more than 50% OPC
replacement), the use of fibers was shown to be have good bond with matrix, thus attaining load
carrying capacity. This tensile strength is added to that contributed by the reinforcing bars to

obtain the ultimate capacity of the beam.
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Figure 5-23- Toughness of tested beams

(Note: 1 N.m = 8.85 Ib.in)
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6. SUMMARY AND CONCLUSIONS

This research project was undertaken to develop a new class of environmentally friendly, cost-
effective, and crack-free high-performance concrete (HPC) for use in pavement (Eco-Pave-
Crete) and bridge infrastructure (Eco-Bridge-Crete) applications. The binder content of these
novel materials were limited to 320 kg/m® (540 Ib/yd®) and 350 kg/m* (590 Ib/yd®), respectively,
in order to reduce paste content, cost, CO, emissions, and shrinkage cracking. The rheological
properties of the Eco-HPCs were adjusted to facilitate placement technique and structural
element characteristics. Both Eco-HPC types were optimized to develop high resistance to
restrained shrinkage cracking as well as to secure high durability. A number of parameters
affecting material characteristics of these novel materials were investigated, including binder
type and content, aggregate type and proportions, fiber type, and shrinkage mitigating materials.
Based on the test results from research presented in this investigation, the following conclusions

can be drawn:

Optimization of binder composition

This phase was conducted using concrete equivalent mortar (CEM) formulated from
environmentally friendly Eco-HPC mix design proportioned with various binder contents of 320
kg/m® (540 Ib/yd®) and 350 kg/m® (590 Ib/yd®) which was targeted for Eco-Pave-Crete and Eco-

Bridge-Crete, respectively.

e Proper substitution of cement by SCMs can ensure greater packing density of solid
particles, reduce water/admixture demand, and improve rheological and hardened

properties of cement-based materials.
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e The packing characteristics of the combined cement and SCMs are an important factor
that can reduce water demand, thus leading to decreased cement content, which is
essential in the design of Eco-Crete. The greatest packing density of 0.796 was observed
for the ternary binder composition containing 60% SL and 5% SF compared to 0.73 for
mixture made with 100% OPC.

e The highest retention of rheological properties of concrete equivalent mortars made with
w/cm of 0.40 (lowest variations in results between 10 and 70 min of age) was observed
for the binary mixture containing 40% FA. This corresponds to the fact that the proper
substitution of cement by SCMs can lead to longer retention of rheological properties and
lower fluidity loss with respect to the mixture with 100% cement.

e Regardless of the binder content, all CEMs made with binary and ternary blends of SCMs
(targeted for Eco-Pave-Crete and Eco-bridge-Crete) resulted in lower drying shrinkage
compared to that of the control mixture made with 100% OPC. As expected, the increase in
the binder content resulted in higher drying shrinkage, regardless of the binder compositions.
The control OPC mixtures with binder contents of 320 kg/m* (540 Ib/yd®) and 350 kg/m®
(590 Ib/yd®) and wic of 0.40 exhibited the highest drying shrinkage of 840 and 940 pstrain,

respectively, after 150 days of drying among the investigated binder compositions.

Optimization of aggregate characteristics
In total, 17 different aggregate samples with different shapes, textures, and PSDs from various
aggregate quarries were evaluated to study the effect of aggregate characteristics on packing

density of aggregate skeleton.
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