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Abstract

Concrete is susceptible to degradation due to freeze-thaw exposure, chemical attack, corrosion of
embedded metal's, thermal expansion, and drying and plastic shrinkage. By devel oping better high-
performance concretes distresses from chemical, mechanical, and thermal loading can be further
mitigated. High-performance concretes are characterized by their high strength and resistance to
deterioration. Thisstudy investigatesthe durability of high-early-strength engineered cementitious
composites (HES-ECC) which are known for their tensile ductility and high fracture toughness.
The early strength gain was measured by conducting ASTM C39/C39M compressive strength tests
and ASTM C496/C496M split tensile strength test at 4, 6, and 24 hrs. The testing showed
promising results with compressive strengths above 3400 psi at six hours, and splitting tensile
strengths of above 400 psi at six hours. Durability testing was also conducted by measuring the
drying shrinkage according to ASTM C157/157M, freezing-and-thawing cycles according to
ASTM C666/C666M, autogenous shrinkage, and adiabati c temperature rise. M easurementsfor the
drying shrinkage test were taken at 3, 14, 28 days, 8, 10, 16, 32 weeks and resulted in high drying
shrinkage due to the high cement content and absence of coarse aggregate in the mixtures. It is
notable that for the mixture using Type Il cement, specimens seem to expand between the 28 day
test and eight and ten week tests. The mechanisms causing the expansion of the concrete are
unclear but could be beneficial by reducing shrinkage cracking of concrete repairs. HES-ECC
demonstrated little deterioration even after 300 freezing-and-thawing cycles. The autogenous
shrinkage testing was conducted up to nine days, measuring the length change at variousintervals
throughout the duration of the test. Autogenous shrinkage up to approximately 0.14% length
change was observed. HES-ECC reached temperatures above 176 °F for over ten hours which is
concerning dueto the potential of delayed ettringite formation. HES-ECC appear to be apromising

repair material dueto their resistance to freeze-thaw damage and high early strength devel opment.
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Chapter 1 - Introduction

1.1 Overview

Concrete structures are subjected to various types of loading that results in deterioration,
damage, and defects, in both new and repaired concrete structures (Li and Li, 2011).
Environmental and mechanical loading (e.g., freezing and thawing cycles, chemica attack,
restrained shrinkage, and fatigue) causes deterioration of the concrete during the servicelife. Short-
term severe loading damages the concrete and results in cracking, spalling, bond splitting, or
complete failure of the concrete structure or element (Li and Li, 2011). These loading conditions
include earthquakes, impacts, fires and overloading. Defects in the concrete structure are a result
of poor construction practices, improper detailing or design, human error, poor quality control of
materialsthat lead to insufficient structural capacity and premature deterioration (Li and Li, 2011).
In order to extend the service life of concrete structures that have lost durability due to
deterioration, damage, and defects, efficient and effective repairs are required (Emmons, 2006).

Premature failure of concrete repairs can lead to significant life-cycle economic, social,
and environmental impacts due to frequent maintenance and repairs throughout the service life of
the concrete structure (Li and Li, 2011). In the U.S. alone, it is estimated that concrete repairs
(including strengthening and protection) cost owners $18 to $21 billion annually (Emmons, 2006).
The 2017 infrastructure report card by the American Society of Civil Engineers states that thereis
a$2 trillion investment gap in infrastructure that will be needed by 2025 (ASCE, 2017). The report
card goeson to state that due to underfunding there is abacklog of $836 billion needed for highway
and bridge capital (ASCE, 2017). Repair of existing highways make ups $420 billion of this
backlog and another $123 billion for bridgerepair (ASCE, 2017). Furthermore, U.S. motorist spent
$533 per a driver on additiona repairs and operating costs in 2015 and, in 2014, due to traffic
congestion and delays an estimated $160 billion was lost due to wasted time and fuel (ASCE,

2017). Based on recent studies, the dominant influencers of life-cycle social costs and



environmental impacts on concrete infrastructure are traffic congestion and repair operations. The
next largest contributor is materia production which is influenced by repair operations and
repeated maintenance (Keoleian et a., 2005).

The use of high early strength (HES) concrete materials has become common for concrete
pavement repairs because they reduce the amount of lane closure time and thus traffic disruption
isminimized (Wang and Li, 2011). For example, it is often required by transportation authorities
that a lane be reopened for morning traffic which means ajob must be completed in six to eight
hoursat night (Wang and Li, 2011). Extensive research has been conducted in the past few decades
on HES concrete materials which has led to the development of a variety of concrete mixtures
which meet minimum requirements for concrete pavement repair. These concrete mixtures are
able to achieve high-early-strength by incorporating proprietary rapid setting cements or
accelerating agents with Type 111 portland cement into the concrete mixture. However, concrete
materials are prone to crack which leads to areduction in the durability properties of the concrete.
Repair sites that use HES concrete are known to fail prematurely and most failures are attributed
toalack of durability (Wang and Li, 2011). The mechanisms of deterioration that cause areduction
in the durability properties are environmental (e.g., shrinkage, freezing-thawing cycles, chemical
intrusion, and corrosion), external (e.g., poor construction practices and workmanship), and
mechanical (e.g., fatigue) effects (Li and Li, 2011; Sahmaran et a., 2013).

A specia class of high-performance fiber-reinforced cementitious composites are
engineered cementitious composites (ECC) which are highly ductile (Sahmaran et a., 2013). The
high ductility of ECC is achieved through the development of multiple tight-width cracks (less
than a 100 microns) that enable strain hardening behavior in the material (Li et al., 2001). ECC
can be tailored (or engineered) based upon micromechanical models that relate macroscopic
properties to the microstructure of a composite, in order to get the desired performance of the
material (Li, 2004). ECC are expected to be an effective repair materials due to (1) their ability to
maintain tight crack widths upon loading which would minimize the intrusion of unwanted
substances, (2) high ductility/deformation compatibility with concrete substrate structure, and (3)
high-fracture toughness which allowsit to defuse and arrest unstable crack propagation (Wang and
Li, 2006).



This study investigated the durability of high early strength engineered cementitious
composites (HES-ECC). The primary objective was to determine if HES-ECC are a high
performing and durable material. The experimental investigation involved the durability testing of

four different mixture which allowed for comparison and future optimization of mixtures.

1.2 Background

HES concretes are used for concrete repair since they minimize operation disruption by
allowing a facility to quickly reopen after a repair. Concrete structures such as bridge decks,
parking structures, highway pavements, and airport runways are often repaired with HES concretes
to minimize operation disruption (Li and Li, 2011). The premature failure of repaired concrete
structuresisaglobal concern becauseit leadsto costly and time-consuming repairs. The US Army
Corps of Engineers, based on an inventory of concrete structures, estimated that a little more than
50% of the concrete repairs perform satisfactorily (Taffese and Sistonen, 2013). By developing
new materials that are sustainable, high performing, and durable, the economic, environmental,
and socia burdens will be aleviated. A material such as HES-ECC may be able to serve this

purpose.

1.3 Problem Statement

HES concrete materials develop strength (compressive and flexural) rapidly which gives
them the desired mechanical properties for many applications. These materials, however, are more
prone to early-age cracking due to higher therma and autogenous shrinkage caused by faster
hydration and heat release (Bentz and Peltz, 2008; Mehta, and Burrows, 2001; Mihashi, et d.,
2002). These materialsare a so lessresistant to freezing-and-thawing which limitstheir application
in colder regions (Li and Li, 2011; Qadri and Jones, 2020; Porras et a., 2020). Another important
mechanism of deterioration is caused by delayed ettringite formation (DEF) which occurs when



high early temperatures reach above 158-176 °F due to early-age heat release during hydration
(Lim et al., 2016). Due to the high cement content and accelerating admixture usage of HES
concrete and the associated heat evolution of the hydrating cement, DEF may be an important
deterioration mechanism. Durability problems also occur in concrete repairs due to the restraint of
the concrete repair by the concrete substrate which causes debonding and cracking of the concrete
repair (Li and Li, 2011). This experimental investigation attempts to address these issues by
conducting durability testing on HES-ECC.

1.4 Objective

The primary objective of this study was to test the durability of high-early strength
engineered cementitious composites and to verify that HES-ECC is a high-performance material.
This was done in two phases. Phase one compiled existing research on the background of the
durability of HES-ECC. Phase two was testing the various mixtures to ensure adequate early
strength gain. Also, the durability was tested by measuring the drying shrinkage, autogenous

shrinkage, semi-adiabatic temperature rise, and damage from freeze-thaw cycles.

1.5 Resear ch M ethodology

The mixtures chosen for this research were based off research previously conducted on
HES-ECC. Strength testing was then conducted to verify that the chosen mixtures would develop
high-early strengths. The strength tests included compressive (ASTM C39) and split tensile
(ASTM C496). The compressive and split tensile strengths were tested at 4 hours, 6 hours, and 24
hours.

Durability tests included length change (ASTM C157/C157M), freeze-thaw resistance
(ASTM C666), autogenous shrinkage, and semi-adiabatic temperature rise. The autogenous
shrinkage was measured by casting 3 in. x 4 in. x 16 in. prisms and attaching linear variable
differential transformers (LVDTS) to each end and taking measurements every 5 minutes for 4
hours, then every 30 minutes for 24 hours, and then every hour for 7 days. The semi-adiabatic

temperature rise was measured by placing a HES-ECC cylinder into an insulated container



immediately following batching. The temperature of the HES-ECC was measured for two days

until the internal temperature was similar to room temperature.

1.5.1 Mixture Design

This study tested four different HES-ECC mixtures. In order to ensure consistency of the
mixtures and only vary the type of cement, each mixture contained the following:
e Water-to-cementitious material (w/cm) ratio of 0.34 (except for one mixture which
had aw/c ratio of 0.4)
e FA-A sand
e ADVA® 140M type A/F water reducer or EUCLID® Plastol 6400 type A/F water
reducer

e Calcium chloride (accelerating admixture)

The four mixtures had one of the following types of cement or cement blends:
e Typelll portland cement
e Typelll Portland cement with 8% Metakaolin
e Typelll portland cement with 15% Metakaolin
e CSA/Typelll portland Cement Blend

1.6 Thesis Outline

This thesis includes seven chapters. Chapter 1 includes an introduction to the research.
Chapter 2 consists of a literature review, history and development of engineered cementitious
composites. Theliterature review also examines the durability of ECC and durability test methods.
Chapter 3 discusses the materials used for all designed concrete mixtures. Chapter 4 consists of
the mixture proportioning and laboratory testing. Chapter 5 details the results of the research,

Chapter 6 includes analysis and discussion. Chapter 7 covers the conclusions.



Chapter 2 - Literature Review

2.1 History and Development of Engineered Cementitious Composites
(ECC)

Since 1990, researchers and practitioners have been contributing to the devel opment of the
design theory, material processing, material mechanical and durability characteristics, structural
design basis, structural element performance, and full-scale infrastructure design and construction
of Engineered Cementitious Composites (ECC). The body of knowledge on ECC continues to

increase as the material undergoes advances that add value and further improvements.

2.1.1. What iseCC?

ECC is a special type of fiber reinforced concrete (FRC) that is characterized by being
ductile, with tensile strain capacity beyond 2% (Li 1993). This is achieved by a unique design
method that uses ECC micromechanics to systematically tune the material microstructure for
synergistic interactions between the microstructural components. In other words, by tailoring or
engineering the fiber, the matrix, and fiber/matrix interface to interact in a prescribed manner upon
loading high ductility is achieved (Li, 2003). This is aso the reason for the name Engineered

Cementitious Composites.

2.1.2 Design Basisfor ECC

ECC have aunigque design basisthat is distinct from high strength concretes which achieves
high compressive strengths by tight particle packing. The design basis for ECC is a
micromechanical model that relates the microstructure to the macrostructure by synergizing the
mechanical interactions between fiber, matrix, and interfaces of the composites. By engineering
these composites, it is possible to obtain high ductility as aresult of the strain-hardening behavior
of ECC after first cracking. Upon cracking, the material will distribute the force back into the

matrix resulting in multiple cracks making the tensile deformation nonlocalized. In contrast, fiber



reinforced concrete (FRC) exhibit tension-softening behavior where tensile deformation is
localized to the site of the first crack. The formation of multiple microcracks, which typically have
crack widthslessthan 100 um, in ECC givesit tensile ductility and resistance to chemical intrusion
(Li, V.C., 2019).

Li, V.C. (2003) reported on the micromechanics-based design concept for ECC: fiber
reinforced cementitious composites have a fundamental property that relates the average tensile
stress transmitted across a crack, o, with a uniform crack opening, J, called the fiber bridging
property across cracks (Li, 2003). This fundamental property links the material constituents and
the composites tensile ductility. The role of load bearing and energy absorption in fiber bridging
is crucial to understanding the strain-hardening behavior of ECC. These are the basis for the two
criteria that govern the development of multiple-cracking in ECC: 1) the strength criterion - the
maximum bridging stress must be greater than the matrix cracking strength and 2) the energy
criterion.

The energy criterionis not as straightforward as the strength criterion and will be explained

in more detail. Figure 2-1 illustrates the o - 6 curve and the concept of complementary energy.
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Figure 2-1: The average tensile stress vs uniform crack opening, 6 - 8 curve, and the concept of

complementary energy (Li, V.C., 2003).

The fiber/matrix interface must not be too weak or too strong, if the fiber/matrix interface
is too weak the fibers will pull-out resulting in a low peak strength, ocu. In contrast, if the
fiber/matrix is too strong the fiber will rupture and have asmall critical crack opening, &p. In both
cases, the complementary energy will be low as seen in Figure 2-1. A high complementary energy
allows the crack to remain flat as it propagates and maintain tensile load capacity after cracking.
Another crack can develop from aload transferring through the crack plane back into the matrix
and will result in multiple cracking if the process is repeated. Since the shape of the 6 - § curve is
critical for developing a high complementary energy, it is important to control the fiber and
fiber/matrix interaction parameters which govern the shape of the 6 - 6 curve. The fiber parameters
include the fiber diameter, length, strength, modulus, and volume fraction. The chemical and
frictional bond properties are the fiber/matrix interaction properties of interest. By controlling
these parameters, the microstructure of ECC can be engineered to have the desired quality of high

ductility and multiple crack behavior.



2.1.3 High Early Strength Engineered Cementitious Composites
(HES-ECC)

ECC mixtures conventionally use Type | ordinary portland cement (OPC), however, when
high early strength development is needed other binder systems must be considered. The use of
proprietary rapid hardening cements, Type 11 OPC, and accel erating admixtures have been used
to develop high early strength. It aso common in high early strength concrete to have a high
cement content and low w/c ratio since these both influence the strength of the concrete (Shanahan
et a., 2016). HES-ECC utilizes these rapid hardening cements and admixtures to develop high
early strength while maintaining tensile ductility through tuning of the mixture based off the
micromechanical model.

Research conducted by Wang and Li (2006) investigated HES-ECC with an emphasis on
the material design aspect. Their research explored the use of rapid hardening cements and normal
portland cement in HES-ECC. They concluded that the matrix fracture toughness evolves at a
faster rate than the interface frictional stress, chemical bond and slip-hardening coefficient of
polyvinyl alcohol (PVA) fiber leading to a reduction in the strain hardening behavior, and thus a
lossin ductility. Thelossin ductility was overcome by the incorporation of polystyrene beadsinto
the mixture which created artificial flaws that resulted in nearly saturated multiple-cracking. The
mixtures that used Type Il portland cement and calcium sulfo-aluminate were able to develop
compressive strengths of more than 3000 psi in three hours and retain tensile strain capacity of
more than 2.0% which is desired when high early strengths are needed.

In subsequent research by Li and Li (2011), the mechanical and shrinkage properties of
HES-ECC based on Type Il1 portland cement were evaluated. Their study concluded that HES-
ECC possessed high early age compressive, flexural, and tensile strength as well as large tensile
ductility with controlled microcrack width. The experimental investigation measured the drying
shrinkage according to ASTM C157/C157-99 and ASTM C596-01 and also by using the restrain
shrinkage ring test following AASHTO PP-34-99. Based off these experiments, HES-ECC had a



drying shrinkage of approximately twice that of ordinary HES-Concrete due to the high cement
content, fineness of cement particles, and absence of coarse aggregate. However, the shrinkage
strain was 0.3% which was much lower than the tensile strain capacity of 3 to 6% of the HES-
ECC. Therestrained shrinkage ring test revealed that when HES-ECC are restrained the material’s
ductility can accommodate for the shrinkage deformation by forming multiple microcracks without

localized fracture failure.

2.2 Durability of ECC

Traditionally, structural engineersrelied on concrete to primarily carry compressive loads,
however, in field conditions concrete is subjected to tensile stresses from mechanical and
environmental loading such as shrinkage, thermal effects, and chemical attacks (Sahmaran, 2009).
These tensile stresses lead to cracking of the concrete which causes durability problems by
reducing load-carry capacity and allowing the intrusion of water and other unwanted substances
into the concrete. The loss in durability of concrete results in the deterioration of concrete
structures and infrastructure, leading to costly repairs and maintenance. The improvement of the
durability of concrete has been addressed by modifying the concrete using air entrainment, sulfate
resistant cements, or minimum reinforcement, but none of these addresses the inherent brittleness
of concrete (Lepech and Li, 2006). The devel opment of high-performancefiber-reinforced cement-
based composites (HPFRCC) has been shown to greatly enhance the durability and long-term
performance of concrete structures (Lepech and Li, 2006). ECC falsin this class of materia and
due to the formation of multiple tight-widths crack under loading behaves like a ductile material.

A high-performance concrete will be able to resist mechanical, chemical, thermal, and
combined loading. Extensive research has been conducted on the durability of ECC and their
ability to resist these types of loading. Since ECC may be used with steel reinforcement the
protection of the steel reinforcement against corrosion will be considered in the durability of the
system. This section aimsto summarizethisresearch by discussing the (1) durability of ECC under
mechanical loading, (2) the durability of ECC under chemical loading, and (3) the durability of
ECC under thermal loading.

10



2.2.1 Durability of ECC under Mechanical Loading

An important property of the structural durability of concrete isthe control of crack widths
under loading. The cracking of concrete leads to the ingress of unwanted substances. This is a
major concern for reinforced cementitious composites because corrosion of the reinforcement can
lead to costly repairs and replacement of reinforced concrete. Since ECC form multiple tight-width
cracks upon loading, they should have better durability than ordinary concrete. Also, the ductility
of ECC is afunction of the formation of multiple tight-width cracks and not plastic deformation
asisthe case for steel (Ziji et al., 2012).

Lietal. (2001) showed that ECC have a maximum crack width under 100 um with a tensile
strain greater than 4.0%. Other studies by Weimann and Li (2003) and Wang and Li (2006) gave
similar results of tight crack widths and high tensile strains. All these studies used PV A fibers at
2.0% to 2.5% the total volume. In the study by Li et a. (2001), the increase in volume fraction
from 2.0% to 2.5% showed a minor reduction in crack width. This study also indicates that an
increasein the amount of aggregate reducesthetensile ductility and that areduction in the chemical
and frictional fiber bond gives ahigher tensile strain capacity. The replacement of cement with fly
ash gave similar crack widths to mixtures without fly ash (Wang and Li 2006).

Structures subjected to cyclic loading or high sustained loads need to maintain tight crack
widthsto meet service conditions (Ziji et a ., 2012). If cracks are not restricted, they will go beyond
the threshold width causing alarge increasein moisture, gas, and chlorideingress (Ziji et a ., 2012).
In a study by Jun and Mechtcherine (2007), specimens were tested under monotonic and cyclic
tensile loading and creep tests were also performed. The results of the experiment indicated little
difference in the number of cracks under the different types of loading. The largest deviation was
when the specimen was loaded under deformation controlled cyclic loading showing
approximately 20% lower average number of cracks. In another study by Boshoff (2007), Pre-
cracked ECC specimens were subjected to tensile creep tests. The specimens were first subjected

to atensile deformation causing an average strain of 1% which simulates a large live load. This

11



was followed by tensile creep loads of 30%, 50%, 70%, and 80% of the ultimate tensile strength.
The results of the experiment showed that fewer cracks formed under creep loading compared to
monotonic deformation-controlled tensile loading at the same amount of deformation. For
sustained loads at 80% the ultimate tensile strength, wider cracks with larger crack widths were
measured. Boshoff et al. (2009) in a different study, concluded from performing single fiber pull-
out tests under monotonically increasing pull-out displacement and under tensile creep load that
time-dependent fiber slip is a mechanism of tensile creep deformation and time-dependent crack
width increase. Yu et al. (2018) investigated the rate-dependent tensile properties of ECC. In this
experiment, specimens were loaded in direct tension at loading strain rates between 0.00001 to
0.05 s-1. Therate of loading has nominal impact on the crack widths of specimens. A higher ratio
of fiber length to fiber diameter increased the number of cracks but decreased the crack width and
crack spacing.

The prevention of degradation of the matrix and corrosion of the reinforcing bars is done
by minimizing the ingress of moisture, gas, and salts (Ziji et a. 2012). Moisture ingress and
migration is controlled by moisture diffusion and capillary sorption (Neithal ath 2006, Bazant et al.
1971). Capillary absorption is greatly reduced in UHPFRC by densification of the matrix and in
ECC thediffusivity isreduced by inherent crack control (Kuniedaet al. 2007, Lepech and Li 2005,
Sahmaran et al., 2005). Severa studies have shown that the permeability was reduced in fiber
reinforced cementitious composites compared to plain concrete (Rapoport et a. 2001, Maalgj et
al. 2002, Miyazato and Hiraishi, 2005). These studies indicated that crack widths under 100 um
had negligible difference in permeability. Chloride penetration and permeability of ECC in
comparison to mortar were investigated by Sahmaran et a. (2005). The study showed that since
ECC maintained tight crack widths after flexura deformation and that they had a much lower
chloride diffusion compared to the mortar. These studies conclude that ECC are effective at
slowing down diffusion of chloride ion under mechanical and environmental loading, by its ability

to develop multiple tight crack widths.
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2.2.2 Durability of ECC under Chemical Loading

ECC ability to maintain narrow crack widths under applied loading may provide good
resistance to penetration of deleterious materials even after straining. This section will discuss the
impact of chemicals on ECC. Exposure of reinforced concrete members to chloride environments
can lead to corrosion of the steel reinforcement and eventually spalling of the concrete. Corrosion
of the reinforcement progresses by depassivation of the protecting layer; the expansion of the
corrosive products from the oxidized stedl cracks the concrete cover which leads to increased
exposure, and thus faster corrosion (Ziji et a., 2012). Sahmaran et al. (2008) investigated the
corrosion of R/mortar and R/ECC by performing an accelerated corrosion test by an
electrochemical method. Residual flexural load tests were performed on the specimens after
exposure to a chloride environment and the mass | oss of the steel rebar was measured. The results
of the experiment concluded that ECC had a high resistance to spalling compared to conventional
mortar and after 50 hours of accelerated corrosion exposure was able to retain nearly 100% of its
flexura capacity. ECC higher resistance to corrosion can be attributed to its high tensile strain
capacity, strain hardening, and multiple-cracking behavior. Kabele et a. (2006, 2007) performed
single fiber pull-out and nano-indentation tests on specimens exposed to chloride environments.
The results of the single fiber pull-out test showed areduction in chemical bond of the fibers and
a dlight increase in frictional bond after being subjected to chloride attack. The matrix fracture
toughness was almost unaffected by chloride attack, but there was reduction in the modulus of
rupture. Thisis most likely due to the decrease in the fiber-bridging effectiveness.

Soft water or water containing sulfur or ammonium ions can cause calcium leaching which
decalcifies the matrix and degrades the mechanical properties of the cementitious composite (Ziji
et a., 2012). Némecek et al. (2006) investigated the degradation processes of ECC by exposing
ECC specimens to 1.4 mol/L of KNOs for 16 days. After the specimens were exposed to the
accelerated |eaching process, nano-indentation measurements were taken and showed a reduction

in the modulus of elasticity compared to the control specimens. Another study by Némecek et al.
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(2007) confirmed these results by using nano-indentation on specimens exposed to NH4NOs for
70 days. ECC specimens exposed to NH4NOz at room temperature were tested using the single
fiber pull-out test by Kabele et a. (2006). The tests resulted in significantly reduced pull-out
strengths compared to the control specimen. These tests indicate that calcium leaching severely
damages the ECC matrix.

Li et al. (2004) study the impact of hot and humid environments on ECC. Specimens were
made with multiple fibers and with asingle fiber. The specimens were immersed in water at 60 °C
for 0, 4, 13, and 26 weeks. After exposure to the hot water fiber pull-out test and uniaxia tensile
tests were performed on the specimens. The results of the experiment showed that the hot water
immersion test had minimal impact on the fiber parameters: fiber strength, fiber stiffness, and fiber
elongation. However, the chemical bond of the fibers and mortar increased, and the apparent fiber
strength decreased. These are indicators of the long-term durability of ECC under hot and humid
environments. Long-term exposure to hot water immersion lead to an increase in tensile strength,
but the tensile strain was reduced from 4.5% to 2.7% after 26 weeks of hot water exposure. ECC
can be designed to be durable if the long-term tensile strain values are used during structural
design.

Sulfate attack is considered a critical deterioration mechanism affecting the durability of
concrete structures. When concrete is exposed to sulfate solution, the cement hydration products
react with sulfate ions creating an expansive product that leads to cracking of the concrete (Liu et
a., 2017). In turn, the cracks lead to more sulfate penetration and thus accelerating the
deterioration. Liu et al. (2017) studied the durability of ECC in sulfate and chloride environments.
The study specifically investigated ECC under sulfate and combined sulfate-chloride conditions.
ECC and mortar specimens were made and then exposed to a solution of 5% NaSO4 and a
combined solution of 5% NaxSO4 + 3% NaCl for 30, 60, 90, 120, 200, and 420 days. Thefindings
of the study showed that ECC remained durable for 420 days of exposure under both
environmental loading conditions. The mortars, however, showed notable deterioration under the
same exposure conditions. ECC exposed to long-term sulfate and sulfate-chloride conditions
exhibited an increase in tensile and compressive strength, but a reduction in tensile strain.
Nonetheless, ECC still had atensile ductility above 2% after 200 days of exposure and maintained

multiple cracking and strain-hardening behavior. The observed composite behavior is aresult of
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an increase in the matrix fracture toughness and interfacial frictional bond, and a decrease in the
fiber/matrix bond after chemical exposure. The study indicates that ECC could potential enhance
the life of hydraulic structures under aggressive sulfate or sulfate-chloride environments.

Ziji et a. (2012) reported that alimited type of fibers (PV A, polyester, alkali resistant (AR)
glass and E glass) were tested by immersing them in high akaline hot water (80 °C) for 14 days.
The PVA fibers were able to retain almost full strength. Fibers were also tested in solutions of
diluted sulfuric acid, hydrochloric acid and nitric acid in water for more than 1 year. The largest
reduction in tensile strength was 5%. Sahmaran and Li (2008) did an experimental investigation
on the performance of ECC in highly alkaline environments in accordance with ASTM C1260.
After 30 days of soaking no expansion of the ECC specimen was observed. Thisis most likely due
to the non-reactive silica sand used in the ECC mixture. In the case where a reactive sand and
alkalis are present in ECC, expansion caused by akali-silica reaction is improbable if a high
volume of fly ashis used.

2.2.3 Durability of ECC under Thermal Loading

Structures build with cementitious materials are susceptible to extreme temperatures such
as exposureto fire or freeze-thaw cyclesaswell aslarge thermal gradients (Ziji et al., 2012). These
events can cause structural durability problems if not properly addressed. Sahmaran et a. (2010)
tested 50 mm cubed ECC specimens at temperatures of 200 °C, 400 °C, 600 °C, and 800 °C to
determine the impact of high temperatures on the mechanical and microstructural properties of
ECC. The PVA fibers used in the experiment had a melting temperature of 230 °C. All specimens
were tested under compression and a mercury intrusion porosimetry technique was used to define
the pore size distribution at the respective temperatures. At 200 °C the specimen had a reduced
compressive strength and stiffness of approximately 15%, but the microstructure showed no

prominent changes. Increasing the temperature to 400 °C the strength reduction was still around
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15%. It was aso observed at both 200 °C and 400 °C that the supplementary pores and small
channels developed in the ECC matrix due to melting of the PV A fibers. At 400 °C hairline cracks
were observed at the surface of the specimen. A reduction in compressive strength of 53% was
observed after exposure to atemperature of 600 °C. Surface cracking was aso more prominent at
this temperature. Further strength reduction occurred after exposure to temperatures of 800 °C,
with strengths approximately 34% the unheated control specimen. For temperatures above 400 °C,
deterioration of hydration products and sand become prominent factors in determining the
mechanical properties of ECC, not just physical change such asincreasein total intruded porosity,
the average pore diameter, and surface cracking. It was also observed that at temperatures above
400 °C the material stiffness rapidly declined compared to the compressive strength. The results
of this experimental investigation compared to data given from research articles on normal
concrete and fiber-reinforced concrete indicated that ECC performed similar or better than fire-
damaged plain concrete with steel and/or polypropylene fibers.

In a subsequent study by Sahmaran et al. (2011), the effect of fly ash and PV A fiber on the
microstructure and residual properties of ECC exposed to high temperatures was examined.
Similar to the previous study, 50 mm cubed ECC specimens were exposed to temperatures of 200
°C, 400 °C, 600 °C, and 800 °C. However, the specimens were made with either 55% or 70% of
fly ash by weight of the total cementitious material. The increase in fly ash from 55% to 70%
showed better residual mechanical properties after being exposed to temperatures from 200 °C to
600 °C. At temperatures of 800 °C, however, the effect of the additional fly ash was lost. It was
also reported that ECC with PVA fibers had high resistance to thermally induced explosive
spalling. Furthermore, when ECC where exposed to air cooling no spalling occurred, even at
temperatures of 800 °C. This study aso gave similar results to the previous study on the
compressive strength, Sahmaran et al. (2010).

The influence of heating duration and cooling regimes on the macromechanical properties
and microstructure of ECC specimens exposed to temperatures up to 800 °C was investigated by
Yu et a. (2014). The specimens were exposed to temperatures of 200 °C, 400 °C, 600 °C, and 800
°C followed by cooling by quenching in water or cooling in air. The experiment concluded that at
200 °C the compressive strength and stiffness increased with increasing heating duration. In

contrast, at temperatures above 200 °C the compressive strength and stiffness decreased as the
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heating duration increased. Also, the specimens quenched in water regained compressive strength
and stiffness after being exposed to high temperature. This is due to the rehydration of cement
particles which produce more crystals to fill the internal cracks and thus increase the strength of
the matrix. The cross-section of the specimens cooled in air were much coarser because they did
not experience further hydration like those quenched in water. Significant degradation of
mechanical strength and stiffness as well as significant changes in microstructure and pore size
distribution occurred at a temperature of 600 °C, indicating it to be a critical temperature for the
durability of ECC.

Mechtcherine et a. (2012) investigated the effects of strain rate and elevated temperatures
on the tensile behavior of ECC. The ECC specimens were tested at 60 °C, 100 °C, and 150 °C in
order to simulate condition such as hot weather with solar radiation or operationsin apower plant.
The specimen tested at 60 °C showed increased strain capacity, but a decrease in tensile strength.
Thisisaresult of the reduction in fiber/matrix bond strength which causes higher elastic and plastic
deformation of fibersleading to larger cracks. In comparison, at 100 °C the strength decreased and
strain capacity increased with increasing strain rate. The combination of temperature and strain
rate on the bond and fiber properties are favorable for the strain capacity of the composite in this
case. At atemperature of 150 °C there was a considerable loss in fiber strength leading to alossin
ductility and the ability of ECC to form multiple cracks.

Freezing and thawing cycles can seriously impact the durability of concrete structures. For
this reason, Sahmaran et al. (2009) investigated the durability of ECC under freezing and thawing
cycles. The tests were conducted according to ASTM C666. Also, the air-void and pore size
distribution were measured according to ASTM C457 and by mercury intrusion porosimetry,
respectively. The ECC with fibers was able to easily survive 300 freezing and thawing cycles.
After exposure to freezing and thawing cycles, the ECC only had a dlight reduction in ductility and
flexura strength. This is explained by the larger pore sizes and the intrinsically high tensile
ductility and strength of ECC. It should also be noted that no air entrainment was purposefully
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added to the ECC mixtures. In subsequent study, Sahmaran et al. (2011) conducted the same tests
on ECC with a high volume of fly ash. ECC mixtures were prepared by replacement of cement
with either 55% or 70% fly ash by weight of the total cementitious composites. It was concluded
that incorporating fly ash in the mixture slightly reduced the mechanical performance of ECC due
to thelower compressive strengths. However, they still showed good durability performance under
freezing and thawing cycles. In adifferent study by Yon et al. (2011) the tensile behavior of ECC
with PV A or PE fibers after freezing and thawing was evaluated. The specimens were tested under
monotonic tension loading and cyclic tension loading after 0, 100, and 200 cycles of freezing and
thawing. The results indicated that after 200 cycles of freezing and thawing the ECC specimens,
the specimens were stiffer with a slight reduction in the inelastic strain. Under monotonic and
cyclical loading, the ECC specimens showed an increase in tensile strength and a decrease in
tensile strain capacity.

Autogenous shrinkage and thermal gradients cause cracking at early ages of concrete by
inducing tensile stresses in the material. Hydration reaction of the cement is exothermic and isthe
origin of these phenomena in concrete. Also, the material properties (strength, modulus of
elasticity, autogenous shrinkage, and creep) are dependent on the hydration reaction (Ziji et al.,
2012). Sahmaran et al. (2009) investigated the prevention of autogenous shrinkage by internal
curing. The substitution of silicasand with 10% and 20% saturated lightweight aggregates (LWA)
(by weight of total silica sand) were used in the ECC mixtures. The specimens aso had two
different fly ash contents (FA/PC of 1.2 and 2.2 by weight). The autogenous shrinkage, drying
shrinkage, compressive strength, flexural strength, and direct tension were all measured. It was
concluded that the saturated fine LWA were able to reduce the autogenous shrinkage by 67% when
compared to the control specimen at 28 days and 37% reduction of drying shrinkage at 90 days.
However, the partia replacement of silica sand with LWA did adversely affect the strength and
ductility properties of the ECC. Nonetheless, a strain capacity of 2% was observed which is 200
times greater than conventional concrete. The incorporation of fly ash reduced both autogenous
and drying shrinkage; the specimen with higher amounts of fly ash had lower drying shrinkage
and autogenous shrinkage.

The drying shrinkage was aso measured by Zhang et a. (2009) and Weimann and Li
(2003). Weimann and Li (2003) conducted free drying shrinkage tests and restrained drying ring
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tests. The tests showed ECC to have high free drying shrinkage but under restrained conditions
ECC had tight crack widths of 30-50 um. Since the durability is more dependent on the crack width
than free drying shrinkage, ECC should be more durable than concrete. Zhang et al. (2009) tested
anewly developed low drying shrinkage cementitious composite. The new composite was able to
reduce the drying shrinkage by almost 700% and maintain the unique strain-hardening and
multiple cracking performances. The composite has a strain capacity of approximately 2.5% and
a tensile strength of 4-5 MPa. The testing proved that ECC can be made to have low drying
shrinkage, and thus prevent early age shrinkage induced cracking.

2.3 Durability Testing Methods

Test methods used to monitor the durability of HES-ECC for this research include ASTM
C157, ASTM C666, and two non-standardi zed tested that measured the semi-adiabatic temperature
rise and autogenous shrinkage of the HES-ECC.

2.3.1 ASTM C157: Length Change of Hardened Hydraulic Cement
Mortar and Concrete

ASTM C157 standard Length Change of Hardened Hydraulic-Cement Mortar and
Concrete measures length change of mortar or concrete due to causes other than applied force and
temperature change, specifically, drying shrinkage. This test quantifies potential volumetric
changes due to expansion or contraction of the concrete and is useful for comparative evauation
of different hydraulic cement concrete mixtures.

The procedure for this standard consists of casting at least three rectangular prism
specimens with gage studs on each end of the specimen. The concrete prisms are cast in two
approximately equal layers and consolidated by rodding or vibrating each layer. After 24 hours of

curing the specimens are de-molded and placed in lime-saturated water maintained at 73 + 1°F for
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at least 30 minutes before an initial comparator reading istaken. This minimizes error in the length
measurement due to temperature variations. The length change of the specimen is computed by
taking the difference between the comparator reading and the reference bar and then dividing by
gage length. The specimens are then cured in lime-saturated water for 28 days and another
comparator reading is taken. For the remainder of the testing period specimens are stored in a
drying room at atemperature of 73 + 3°F with arelative humidity of 50 + 4%. After fina curing,
comparator readings for the specimens are taken at 4, 7, 14, and 28 days and after 8, 16, 32, and
64 weeks (ASTM, 2017).

2.3.2 ASTM C666: Resistance of Concrete to Rapid Freezing and
Thawing

ASTM C666 Resistance of Concrete to Rapid Freezing and Thawing follows one of two
procedures that are intended to determine the effects of freezing and thawing cycles on the
properties of concrete. The specimens are continually immersed in water for Procedure A.
Procedure B the specimens are frozen in air and then thawed in water. Procedure B more
realistically simulates the patterns that occur in the field while Procedure A is amore conservative
approach because the specimens are saturated for the duration of testing. A freezing-and-thawing
cycle occurs over a 2-5 hour period where the temperature is lowered from 40 to 0 °F and then
rai sed back to 40 °F. Prior to beginning freeze-thaw cycles, the specimens are kept in lime saturated
water for 14 days. Initia readings of the mass, resonant frequency of vibration, and length change
are recorded for each concrete specimen. Readings are then taken at intervals not exceeding 36
cycles. Based off of the collected data, an RDME value and the percent expansion is determined.
The experiment ends when one of the following occurs: the specimens undergoes 300 freeze-thaw
cycles, the RDME reaches 60% of the initial modulus, or the specimens reach a 0.10% expansion
(ASTM, 2015).

2.3.3 Semi-adiabatic Temperature Rise Test

The semi-adiabatic temperature rise test measures the temperature of a hydrating concrete

cylinder and temperature of the insulated atmosphere around the cylinder. By measuring the
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temperature of the cylinder, it can be determined if the cylinder will reach temperatures that could
cause delayed ettringite formation (DEF) which occurs when temperatures reach above 70-80 °C
at anearly age (Lim et a., 2016)

The procedure for this test consists of casting a 6” x 12” cylinder with a thermocouple
embedded at the center of the specimen. The concrete was placed in three layers and rodded 25
times at each layer. After casting the specimen, it was placed in an insulated barrel and the
thermocoupl e was attached to a thermocoupl e data logger. The temperature was measured in three
places:. the center of the concrete cylinder, just outside of the concrete cylinder, and at the edge of
the insulated barrel. The data was logged for 2-3 days. Based upon the data, a curve of the
temperature versus time was graphed. Numerical analysis of the data allowed for predictions of

the concrete adiabatic temperature rise characteristics.

2.3.4 Autogenous Shrinkage Test

The autogenous shrinkage test attempts to measure the length change of concrete due to
the formation of new products during cement hydration. This test followed the procedure by
Cusson (2008) that uses sealed prisms to measure the autogenous shrinkage. Thistest is conducted
by casting the concrete in rectangular prisms with steel rods protruding from each end. A washer
is welded to the end of the steel rod that is cast into the concrete so that the rod moves with the
concrete as it changes length without puncturing the concrete. After casting, the prisms are placed
on a sted frame that holds the linear variable differential transformers (LVDTs). The LVDTs
measure the length change of the prisms. The datawas collected at varying intervals up to 9 days.

The frequency and duration of data collection can vary depending on the desired work.

2.4 Summary

Engineered cementitious composites are a fiber reinforced concrete that are characterized

by their ductility and multiple tight width cracks upon loading. This literature review discussed
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the development and design basis for ECC. Then reviewed high early strength ECC and how the
micromechanical design model applies to these types of mixtures. The review then shifted to a
discussion of the durability of ECC under mechanical, chemical, and thermal loading. Finally, an

overview of the durability test methods used for this research was presented.
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Chapter 3 - Materials

This chapter summarizes the materials used in this study. The materials include
aggregates, Polyvinyl Alcohol (PVA) fibers, Type Il portland cement, metakaolin, a blended
cement with Type Ill portland cement and calcium sulfo-aluminate (CSA) cement and various

admixtures.

3.1 Aggregates

The only aggregate used for this research was fine aggregates. The fine aggregate was
naturally occurring river sand. The absence of coarse aggregatesin HES-ECC isdueto theincrease
in matrix stiffness when coarse aggregate is present. This leads to a loss in ductility because of
delayed crack initiation which prevents steady-state flat-crack propagation (Sahmaran et al., 2012).
All aggregates were oven dried before mixing. The absorption capacity and specific gravity of the
aggregates were 0.57% and 2.6, respectively.

Figure 3-1: Fine Aggregate — River Sand
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3.2 Cements and Supplementary Cementitious M aterials

Type Il portland cement and a blended Type Ill portland and calcium sulfo-aluminate
cement were used in this study. Metakaolin provided by BASF was used as a partial replacement
for Typelll portland cement for certain mixtures. Table 3-1 showsthe mill test resultsfor Monarch

Type Il portland Cement and Table 3-2 provides the Physical properties of MetaMax®

metakaolin.
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Table 3-1: Mill Test Resultsfor Monarch Typelll portland Cement

Property Reported Spec
Value Limit
Physical Properties
325 Sieve, % Passing 99.7 -
Blaine fineness, specific surface — Air Permeability 5,860 -
(cm?/g)
Time of Setting, Gilmore | Initial (hrs:min) 1:40 60 min
Test: Final (hrs:min) 2:35 600 max
Air Content of Mortar (volume %) 7.0 12.0 max
Autoclave Expansion (%) -0.014 0.80 max
1 Day 3,709 1,740 min
Compressive Strength (psi) | 3 Days 5,019 3,480 min
7 Days 5,564 -
Chemical Properties
SiO, — Silicon Dioxide (%) 21.20 -
FexOs — Ferric Oxide (%) 2.89 6.0 max
Al203 — Aluminum Oxide (%) 4.06 6.0 max
Ca0 — Calcium Oxide (%) 64.15 -
MgO — Magnesium Oxide (%) 1.53 6.0 max
SOs — Sulphur Trioxide (%) 2.79 3.5 max
Loss on Ignition (%) 0.85 3.0 max
Insoluble Residue (%) 0.22 1.50 max
Free Lime (%) 1.29 -
NaO — Sodium Oxide (%) 0.17 -
K20 — Potassium Oxide (%) 0.53 -
Equivalent Alkalies (%) 0.51 0.60 max
Potential Calculated Compounds
C3S— Tricalcium Silicate (%) 60.7 -
C2S— Dicacium Silicate (%) 15.0 -
C3A — Tricalcium aluminate (%) 59 8 max
C4AF — Tetracalcium aluminoferrite (%) 8.8 -
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Table 3-2: Physical properties of MetaM ax® metakaolin provided by BASF

Physical Properties Typica Value
Physical Form Highly Pulverized Powder
Special M odifications Dehydroxylated
GE Brightness (%) 85

Screen Residue, 325 Mesh (%) 0.05

Free Moisture (%) measured at 105°C 0.5

pH (20% solids) 6

Median Particle Size, Sedigraph (um) 1.3

Specific Gravity (g/cm3) 2.50

Bulk Density, Loose Ib/ft3 (kg/m?d) 16/ 260

Bulk Density, Tamped Ib/ft3 (kg/m3) 30/ 480

3.3 Polyvinyl Alcohol (PVA) Fibers

The fibers used for the research were RECS15 by Nycon are 8 denier, ductile mono-
filament PV A fibers. Table 3-3 summarizes the specifications of the fibers. Figure 3-2 depicts the
PVA fibers.

Table 3-3: Properties of RECS15 mono-filament PVA fibers.

Configuration Monofilament
Tensile Strength 240 ks (1600 MPa)
Flexural Strength 5700 ksi (40 GPa)
Filament Diameter 8 Denier (38 microns)
Available Lengths 0.375”(8mm)
Aspect-Ratio 210.52

Meélting Point 435° F (225° C)
Water Absorbtion <1% by Weight
Color White

Elongation 6%

ZrO2 Content NA
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Figure 3-2: Polyvinyl Alcohol Fibers

3.4 Water Reducer

ADVA® 140M from GCP Applied Technologies and EUCLID® Plastol 6400 type A/F
water reducer were the water reducers used for HES-ECC mixtures in this study. The addition
range for ADVA® 140M can range from 2-20 oz/cwt of cement. The typical addition rates for
high-range water reducers is 9-16 oz/cwt of cement (Gcp, 2020). The recommend dosage for
EUCLID® Plastol 6400 is 3-12 oz/cwt of cement (Euclid, 2020). Both admixtures are
Polycarboxalate based and conceptually interchangeable, but with different dosage rates.
Therefore, they were able to be used interchangeably with little influence on the scope of this

research.
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3.5 Accdlerator

Calcium chloride was used as an accelerator for al concrete mixturesin this study except
for the mixtures containing the Type I11/CSA blended cement. The Type I11/CSA Cement does not
require acceleration for high early strength due to the rapid hydration of the CSA.
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Chapter 4 - Methodology

This chapter describes the methodology for mixing, standardized testing, and other
durability testing.

4.1 Concrete Mixture Proportioning

The mixture design for HES-ECC was based on research previously conducted by Wang
and Li, 2006. Their mixtures used a water-to-binder (w/b) ratio of around 0.33 and a fiber volume
fraction of 2%. The mixtures in this study used aw/b ratio of 0.34 for three mixtures and 0.4 for
one mixture. Table 4-1 outlines the material mixture composition and proportion.

Table 4-1: Mixture Proportions

PVA
D Cement Metakaolin Sand Water Fibers, HRWR CaCl
(Iblyd®) (Iblyd®) (Iblyd® | (Iblyd®) Vi, (oz/cwt) | (oz/cwt)
(Iblyd®)

CEM I 1620 - 1620 544.3 324 17.6 38.4
CSA/II 1620 - 1620 544.3 324 17.6* -
MK8% 1523 89 1612 548.2 322 20.0* 38.4
MK15% 1368 150 1518 607.0 304 20.0* 38.4

*High range water reducer (HRWR) was added to each mixture as needed.
The mixtures was prepared in either a Lancaster Counter-Current mixer with 1.5 cu. ft.
capacity or in aMud Hog mixer according to the following mixture procedure:

1. Mix dry ingredients (cement, metakaolin, and silica sand) for approximately 1
minute;

2. Slowly add water and continue mixing for 1 to 2 minutes;

3. Add HRWRA (when needed); continue mixing for 1 to 2 minutes until a consistent
mixtureis reached;

4. Slowly add PV A fibers and mix for 2 minutes until fibers are well-distributed;
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5. Add accelerating admixture (when needed) and mix for 1 minute before casting into
molds.
The entire mixing procedure took between 5 to 12 minutes for each mixture. Specimens
were cast according to ASTM C192 and were placed in the moist room within 24 hours of casting.
All specimens were cured in the moist room until testing. The mixers are shown in Figure 4-1 and

Figure 4-2.

Figure4-2: Mud Hog Mixer
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4.2 Laboratory Testing

The main objective of this study was to test the durability of HES-ECC and contribute to a
growing body of work on HES-ECC. Early age strengths of the four mixtures were tested to ensure
that it reached minimum strength criteria desired for common applications of high early strength
concrete. These requirements vary depending on the transportation agency or specific application,
but are typically in the range of 1000 to 3000 psi for compressive strength and between 350 to 500
psi for flexural strength (Wang and Li, 2006). The research addressed durability problemsthat are
caused by drying shrinkage, autogenous shrinkage, high temperatures during cement hydration,

and freezing-and-thawing cycles.

4.2.1 Strength Testing

Compression and split tensile test were conducted at 4, 6, and 24 hours for each mixtures
according to ASTM C39 and ASTM (C496. For both tests four 4” by 8 cylinders were prepared
to be tested at the appropriate age. After casting the specimens, they were placed in the curing
room, de-molded at approximately four hours, and then stored until testing at the specified age.
Figure 4-3 and Figure 4-4 depict the Forney compression machine and the compression machine

used for split tensile testing.
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Figure4-4: ASTM C496 Split Tensile Strength Test

4.2.2 Autogenous Shrinkage

Standardized tests such asASTM C1698 and ASTM C1581 describe methods of measuring
autogenous shrinkage of cements, mortars, and concretes. ASTM C1698 is a standardized test
method that measures autogenous shrinkage by periodically assessing the deformation of mortar
or cements poured in acorrugated polymeric tube. ASTM C1581 usesastedl ring and strain gauges

to measure the autogenous shrinkage if the concrete is sealed. However, other researchers have
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devel oped non-standardized test methods to measure autogenous shrinkage in concrete that include
cylinders (Cragye & De Schutter, 2008), sealed prisms (Cusson, 2008; Weiss et a., 1999), and
large corrugated tubes (Tian & Jensen, 2008). This study followed the method by Cusson (2008)
that uses the sealed prisms.

Three 3” by 4” by 16” prisms were made for each mixture. The prisms were set on a steel
frame and aligned such that linear variable differential transformers (LVDTSs) could be connected
at each end of the specimen. At both ends of each specimens neoprene pads were installed to allow
for expansion of the HES-ECC at an early age. All specimens were covered with a plastic sheet to
seal the prisms. To alow for free movement during shrinkage lubrication oil was applied to the
sides of the prisms. Figure 4-5 shows the set-up used to measure the autogenous shrinkage of HES-
ECC prisms.

Figure 4-5: Prisms M easuring Autogenous Shrinkage

4.2.3 Drying Shrinkage

Following ASTM C157 the long-term drying shrinkage was measured for each mixture.
After casting three 3” by 4” by 16” the specimens were covered with plastic and then de-molded
at approximately four hours. An initia reading was taken and then the specimens were placed in

lime saturated water for 28 days. After the 28 days, another reading was taken and the prisms were
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stored in a drying room at a temperature of 73 + 3°F with a relative humidity of 50 + 4%. The

length change comparator is shown in Figure 4-6

iy -
Figure 4-6: Length-Change Comparator (ASTM C157)

4.2.4 Freezing and Thawing

This study followed ASTM C666 Procedure B to measure the freeze-thaw (F/T) durability
of each HES-ECC mixture. For each mixture three 3” by 4” by 16” specimens were cast, and then
covered with plastic until being de-molded at approximately four hours. After de-molding the
specimens were placed in lime saturated water for 14 days. Then initial readings of mass, resonant
frequency of vibration, and length change were taken and the specimens were placed in the
Scientemp F/T machine (Figure 4-7) which is programmed to run eight cyclesevery day. Readings

were then taken at intervals not exceeding 36 cycles until each specimen had undergone at |east



300 cycles, the RDME reaches 60% of the initial modulus, or the specimens reach a 0.10%

expansion.

Figure4-7: ScienTemp F/T Machine (ASTM C157)

4.2.5 Semi-adiabatic Temperature Rise

The semi-adiabatic temperature rise was measured by casting a 6” x 12” cylinder with a
thermocouple embedded at the center of the specimen. Once the specimen was cast it was
immediately placed in an insulated barrel and the thermocouple was attached to a thermocouple
datalogger. The temperature was measured in three places: the center of the concrete cylinder, just
outside of the concrete cylinder, and at the edge of the insulated barrel. The data were logged for
three to five days. Figure 4-8 depicts the insulated barrel used while measurements were taken of

the temperature change of the HES-ECC.
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Figure4-8: Insulated Barrel with HES-ECC Cylinder
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Chapter 5 - Results

High-performance concrete is defined as a concrete that has superior mechanical and
durability properties than that of norma concrete. For a concrete to be durable it must be able
resist deterioration despite the exposure conditions and thus maintain serviceability throughout the
service life (Neville, 1996). The durability of concrete can be measured by a variety of methods
since deterioration of concrete can be caused by avariety of factors. This research study conducted
strength tests measuring the compressive and tensile strength evolution at an early age. The heat
generation during hydration was measured by a semi-adiabatic temperature risetest. The durability
was tested by measuring the drying shrinkage, autogenous shrinkage, and freezing-and-thawing

cycles.

5.1 Compressive Strength Testing

Compressive strength test results are illustrated in Figure 5-1 for all mixtures. The
compressive strength was measured using an automated variable frequency drive Forney testing
machine. Compressive strength was test at 4, 6, and 24 hours. End caps with neoprene pads were
placed on each cylinder to prevent eccentric axial loading during testing. The ramping rate was
3517 psi/sec. Target range for compressive strength was between 1000 to 3000 psi within four to

six hours.
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Figure5-1: Average Compressive Strength of All Mixtures

5.2 Split Tensile Strength Testing

A graphical representation of the split tensile strength test results are provided in Figure 5-

2. Split tensile tests were conducted at 4, 6, and 24 hours on a hydraulic compression machine.

The rate of loading was within a range of 100 to 200 psi/min. An 1/8” wooden bearing strip was

placed at the top and bottom of the cylinder before testing. Target range for split tensile strength

was between 350 to 500 psi within four to six hours.
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Figure 5-2: Average Split Tensile Strength of All Mixtures

5.3 Split Tensile Strength Versus Compr essive Strength

The relationship between Split tensile strength and compressive strength had been
represented using a variety of expressions. Equation 5-1 shows the expression used for the lower
bound based off the ACI building code. An upper bound equation was developed by ACI
committee 363 and is expressed in Equation 5-2 (Ahmad, and Shah, 1985). Ahmad and Shah,
1985 devel oped an equation to better represents the data and is shown in Equation 5-3. Figure 5-3
illustrates the average split tensile strength versus compressive strength and shows the

representative expressions that relate the split tensile strength to the compressive strength.

fue = 6[f" " (5-1)
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foe = 74[f" ]*° (5-2)

0.55

fse = 434[f" ] (5-3)
where,
fst = splitting tensile strength, psi;

f'c = compressive strength, psi
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Figure 5-3: Average Split Tensile Strength Versus Average Compressive Strength

5.4 Dry Shrinkage Testing

Drying shrinkage measurements were made at 3, 7, 14, and 28 days and 8, 10, 16, and 32
weeks. Figure 5-4 illustrates the results from the drying shrinkage test. Equation 5-4 was used to
calculate the percentage of length change caused by drying shrinkage.
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(5-4)

length change of specimen at any age, %;

CRD—intial CRD
x100

AL,
where,
AL,

dif ference between comparator reading of the specimen and the reference bar at any age;

CRD =

and

D

400 mm

the gage length (16 inches [

G =
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5.5 Autogenous Shrinkage Testing

Autogenous shrinkage measurements were taken for up to nine days at various time
intervals. Figure 5-5 illustrates the results from the autogenous shrinkage test. Equation 5-5 was

used to calculate the percentage of length change caused by autogenous shrinkage.

0.14 N =
——CEMIIl /;”
| | ==—cCcSAmn | ..nBn <L _
0.12 — — MK8% v
- % - - MK15% 7 .
4 Y
0.1
0.08
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w
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0.04
0.02
0
-0.02
Hours
Figure 5-5: Autogenous Shrinkage M easurements
+L
ALy ==x100 (5-5)
where,

AL, = length change of specimen at any age, %;
+L = expansion or contraction at any age;

and

G = fixed distance between sawed studs in the specimen
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5.6 Freeze-Thaw Testing

The changes in mass, length change, and RDME of specimens were measured for all
mixtures as part of the freeze-thaw testing. The resultsfrom testing were graphed and are discussed

in the following subsections.

5.6.1 Changein Mass

The mass was measured and recorded at intervals of approximately 36 cycles. A graphical
representation of the mass change is shown in Figure 5-6. Mass change was calculated using
Equation 5-6.
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Mass Change (%) = %xlOO (5-6)
o

where,
my = mass reading at x freeze — thaw cycles, lb;

m, = intial mass reading, Lb;

5.6.2 Length Change

The length change was measured and recorded at intervals of approximately 36 cycles.

Figure 5-7 shows a graphical representation of the length change data.
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Figure 5-7: Length Change M easurements of All Mixtures

5.6.3 Relative Dynamic Modulus of Elasticity (RDME)

The RDME change was measured and recorded at intervals of approximately 36 cycles.
Figure 5-8 shows a graphical representation of the freeze-thaw data. Computation for RDME were

made according to Equation 5-7.
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Cycles

Ey, = modulus reading at x freeze — thaw cycles, GPa;

E, = intial modulus reading, GPa;

5.7 Semi-adiabatic Temperature Rise

(5-7)

The heat generation from all mixtures was measured and is shown graphically in Figure 5-
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Chapter 6 - Analysis and Discussion

This section analyzes and provides discussions on the results of the strength testing,

shrinkage testing, freeze-thaw testing, and semi-adiabatic temperature rise testing.

6.1 Strength Behavior

A target range for minimum strength requirements was set based off common requirements
set by transportation agencies. The target range for compressive strength was set to 1000 to 3000
psi and split tensile strength/flexural strength was set to a range of 350 to 500 psi. All mixtures
were within the compressive strength range or above within four hours. CEM 111 performed the
best with compressive strengths above 4500 psi at four hours and above 7700 psi a 24 hours.
Similarly, the split tensile strength of all mixtures was within or above the range at 6 hours. MK 8%
and MK 15% were slower to develop split tensile strength and were not within range after 4 hours.
Equation 5-2 developed by ACI committee 363 most accurately predicts the split tensile strength
based off of the compressive strength for the data. However, without more data it is difficult to
determine unequivocally how accurate the expressions predicts the split tensile strength for HES-
ECC.

6.2 Autogenous Shrinkage

MK8% had the highest autogenous shrinkage of almost 0.14% followed by MK 8% which
had a shrinkage of over 0.1% after seven days. The autogenous shrinkage of MK 15% is lower than
MK8% due to the mixture being designed with a w/cm ratio of 0.4. CEM 111 had a shrinkage of
over 0.05% after seven days. CSA/IIIl shrank approximately 0.0165% at seven days. CSA in the
CSA/Ill blend iswhy thereis relatively less shrinkage than the other mixtures.

6.3 Drying Shrinkage

Due to high amounts of cement and no coarse aggregate in HES-ECC, al mixtures showed

high percentage of drying shrinkage. The data showsthat CEM 111 expands between the 28 day test



and eight and ten week tests. The mechanisms causing the expansion of the concrete are unclear.
MK15% had a higher amount of drying shrinkage than MK 8% despite having a lower autogenous
shrinkage this is due to the higher w/cm ratio of MK15%. CEM 111 at 10 weeks shrank more than
0.10% due to drying. CSA/III had the least amount of shrinkage at 28 days.

6.4 Freeze/Thaw Durability

All mixtures experienced a percentage increase of mass, except for MK8% which had a
dlight loss of mass. CSA/II1 had highest mass increase of 0.25% after 310 cycles. CEM |11 wasthe
only mixture to shrink during the freeze-thaw cycles while MK15% had the highest expansion
around 0.05%. All mixtures showed an increasein RDME. CEM 111 showed areduction in RDME,
but after an extended hydration period due to machine maintenance the RDME increased. However,

it showed a decrease after the increasein RDME.

6.5 Semi-adiabatic Temperature Rise

All mixtures reached temperatures above 176 °F. Thisis concerning because deterioration
from delayed ettringite formation can occur when temperatures in concrete reach 158-176 °F due
to early-age heat rel ease during hydration. MK 8% reached temperatures of over 212 °F which was
higher than CEM 111 which peaked at approximately 201 °F. MK 15% reach the highest temperature
above 212 °F. CSA/Ill was above 176 °F for the least amount time at approximately an hour and
half.
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Chapter 7 - Conclusions

Due to environmental and mechanical loading concrete structures deteriorate during the
service life leading to premature failure of the structure. Concrete repairs are required throughout
the service life of a concrete structure for the structure to remain in service. Additionally, concrete
structures that need to be reopened quickly require a fast hardening concrete. A material such as
HES-ECC isableto develop strength quickly and maintain durability dueto their ability to maintain
tight crack widths upon loading which minimizes the intrusion of unwanted substances, high
ductility/deformation compatibility with concrete substrate structure, and high-fracture toughness
which alowsit to defuse and arrest unstable crack propagation. For these reasonsit is thought that
HES-ECC will be a high performing and effective repair material. In this study, the deterioration
of HES-ECC was evaluated by conducting various concrete testing methods. Early strength
evolution and heat generation of the four HES-ECC mixtures was aso measured. The following
was concluded from this research:

e For most applications where high early strength concrete is needed the minimum
strength requirements were met. All mixtures had a compressive strength of at least
2200 psi within four hours and a split tensile strength of over 400 psi at six hours.
The target range for compressive strength and split tensile strength based upon
reguirements from different transportation agency was 1000 to 3000 psi and 350 to
500 psi, respectively.

e All mixtures demonstrated a high amount of drying shrinkage due to the high
amount of cement, and no coarse aggregate in the mixtures. After 10 weeksof drying
shrinkage, the shrinkage for CEM 111 was more than 0.10%.

e Since ASTM C157 is not able to capture early-age shrinkage behavior, alaboratory
made apparatus with sufficient sensitivity to measure early age shrinkage due to
chemical shrinkage was used for all mixtures. This early autogenous shrinkage
behavior may be an indicator of future durability problems for the concrete since
early age shrinkage can cause stress gradients which may cause cracking and

ultimately deterioration of the concrete.
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e CSA/Ill had lower early age shrinkage and drying shrinkage due to the presence of
CSA. CSA expands due to the formation of ettringite and amorphous phases.
e All mixtures had negligible deterioration after more than 300 freeze-thaw cycles.
After 300 cycles, mixtures had a slight reduction in mass while some even showed
a slight increase in mass. MK15% had the highest expansion of 0.05%. The only
mixture to shrink was CEM 11 with a shrinkage around 0.01%.
e All mixtures increased in RDME throughout the freeze-thaws cycles except CEM
[11. CEM Il showed a decrease in RDME and then a positive jump in RDME due
to an extended hydration period during machine maintenance. Overal, all of these
mixtures seem to be resistant to freeze-thaw deterioration. This could be from the
extraair that is entrapped during mixing due to the presence of fibers and no coarse
aggregate in the mixture.
e All mixtures demonstrated rapid heat generation which led to high specimen
temperature. Thisislikely dueto the high cement content and finer cement particles
of Typelll cement. CEM |11, MK8%, and MK 15% reached temperatures above 176
°F for at least 14 hours. CSA/Ill was above 176 °F for approximately an hour and
half. Temperatures above 176 °F could lead to delayed ettringite formation which
may cause deterioration of the concrete.
Future work includes evaluation of HES-ECC due to other mechanisms of deterioration. This
would include further research into DEF, specificaly how it affects the durability of HES-ECC.
Also, conducting work on how susceptible HES-ECC are to akali-silica reaction. Alkali-silica
reaction occurs between highly alkaline cement and reactive silica found in common aggregates
and forms an expansive chemical product creates pressure inside the aggregate. If the pressure
exceeds the strength of the matrix then spalling and eventually failure of the matrix can occur. This

is especialy a concern in HES-ECC due to the high cement content.
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