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APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m’
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft* cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
b pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m’ square meters 10.764 square feet ft*
m’ square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
"© Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fi
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?
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EXCECUTIVE SUMMARY

Ultra-High Performance Engineered Cementitious Composites (UHP-ECCs) are novel concrete
materials simultaneously exhibiting exceptional mechanical strength and ductility. The design of
these cementitious composites are grounded on the fracture mechanics and micromechanics design
concepts of ECC and the dense particle packing design concepts of Ultra-High Performance
Concrete (UHPC). While UHP-ECCs are promising for civil infrastructure, their formulation often
includes microsilica sand (which is expensive and not readily available), expensive SCMs such as
silica fume, and relatively high contents of fiber (i.e., 2 vol.%), which limit their cost-effectiveness
and practicality. As a response, the aim of this study was to develop novel UHP-ECC materials
utilizing ingredients that are readily available in Region 6 for the construction and repair of
transportation infrastructure. To this end, the study was conducted in two phases. First the effect
of ingredient selection and mixture proportioning on the cementitious-matrices’ strength was
thoroughly investigated. The variables studied were the mass ratios of supplementary cementitious
materials to cement (SCMs/C), silica fume to fly ash (SF/FA), and ordinary sand to microsilica
sand (OS/MS). A total of 36 cementitious matrices with 3 specimens each (i.e., 108 specimens)
were prepared and evaluated in compression according to ASTM C109. Next, the second phase of
the study focused on the development of UHP-ECCs and used the knowledge gathered in the first
phase of the study to design cementitious matrices with appropriate strength for the application. In
the development of UHP-ECCs, the effect of silica fume and fiber content was assessed on the
fresh and hardened properties the materials. Tests conducted on the composites included the flow
table test (ASTM C1437), compressive strength test (ASTM C109), uniaxial tensile test (according
to JSCE recommendations), and flexural performance test (ASTM C1609). In addition, matrix
fracture properties and composite fiber-bridging properties were evaluated by means of notched-
beam fracture toughness tests (according to the effective crack model, i.e., ECM) and single-crack
tensile tests (SCTT), respectively.

Experimental results from the first phase of the study indicated that the SF/FA ratio had the most
important effect on the cementitious-matrices’ compressive strength, followed by the ratio of
SCMs/C, and lastly the ratio of OS/MS, which had a very small effect on strength. Moreover,
increments in the SF/FA ratio produced strength improvements, whereas increments in the ratios
of SCMs/C and OS/MS produced strength decrements. A compressive strength prediction model
utilizing as input the ratios of SCMs/C, SF/FA, and OS/MS was created using multiple linear
regression. In turn, the compressive strength prediction model was used as a guidance for the
production of UHP-ECC cementitious matrices.

In terms of fresh properties, results from phase two of the study revealed that the use of SF and
augmenting fiber content from 1.5 to 2 vol.% resulted in decrements in the workability of the fresh
mixtures. In the case of mixtures implementing 2% fiber content, some fiber clumps were detected
by visual inspection and touch of the fresh mixture. This was particularly the case for mixtures
implementing SF. In terms of hardened properties, the incorporation of SF tended to decrease the
compressive strength of the composites, whereas the increase in fiber content did not produce any
obvious tendency in strength. Notwithstanding, differences in strength observed were not
statistically significant. Importantly, the compressive strength of the composites developed ranged
from 115.8 to 133.1 MPa with three out of the four different mixtures assessed presenting strengths
greater than 120 MPa. All the composites evaluated exhibited ECC-like ductility (i.e., >2% tensile
strain capacity), which was consistent with the PSH strength and PSH energy indexes obtained



from matrix fracture properties (i.e., Jip and ocr) and composite fiber-bridging properties (i.e., co
and J'v) obtained experimentally for each mixture. Surprisingly, the use of SF and the increase in
fiber content generally produced adverse effects in the tensile strength and strain capacity of the
materials (differences not statistically significant for strain capacity), which contradicted expected
composite response from oo and PSH indexes obtained. These observations were credited to a
worsening fiber distribution as silica fume was incorporated and/or fiber content was increased,
which deteriorated the tensile performance of the composites. The average crack width of the
materials ranged between 61-131 pum, while the average number of cracks ranged between 18.2-
31.0. Mixtures that did not contain SF resulted in a fewer number of cracks, which agreed with the
attained tensile strain capacity. Flexural performance of the materials produced similar tendencies
as those observed for the tensile performance, however no statistically significant differences in
flexural strength and deflection capacity were encountered between mixtures. All the composites
exhibited a deflection hardening behavior with the flexural strength ranging from 20.9 to 24.4
MPa.

From the results obtained in this study, three UHP-ECC materials utilizing readily available
ingredients were successfully developed (i.e., mixtures FA2s-f15, FA2s-f2, and FA20SFs-f2). These
materials simultaneously exhibited ultra-high compressive strength (>120 MPa) and high tensile
ductility (tensile strain capacity >2%). It is important to indicate that composite FA2s-f15, which
generally presented the best mechanical properties, exhibited a compressive strength of 133.1 MPa
(i.e., ~4.5 times that of concrete), flexural strength of 21.4 MPa (~4 times that of concrete), tensile
strength of 10.3 MPa (~3 times that of concrete), and tensile strain capacity of 4.3% (~430 times
that of concrete). Importantly, mixture FA2s-fis does not require the use of silica fume or
microsilica sand and utilizes low fiber content (i.e., 1.5 vol.%). In turn, this makes this UHP-ECC
more practical and cost-effective than previous versions of the material.



1. INTRODUCTION

Ultra-high-performance concrete (UHPC) is a concrete material with high strength (i.e., a
minimum specified compressive strength of 120 MPa) and excellent durability (1, 2). To produce
high strength, UHPC materials are prepared utilizing high cement content (i.e., over 800 kg/m?),
low water/binder ratio (i.e., lower than 0.2), and a high particle packing density design approach
(2, 3). UHPCs usually include short randomly distributed discrete fibers (typically steel fibers at 2
to 6% vol.) (4). In turn, this provides UHPCs with enhanced tensile properties and can allow for
moderate strain-hardening capabilities when using high fiber content; yet, the ductility of these
composites remains limited (usually about 0.6% strain capacity in tension) and crack width
relatively large (i.e., over 100 um)(5).

Figure 1. Ductile behavior of ECC material developed at LSU (6)

Engineered Cementitious Composites (ECCs) also known as bendable concrete (Figure 1), are a
novel class of high-performance fiber-reinforced cementitious composites (HPFRCC) that are
designed based on micromechanics and fracture mechanics principles to display a highly pseudo
ductile response at small fiber contents of 1 to 2 vol.% (7). This make ECCs practical to be
implemented in the field using existing equipment and techniques as well as significantly more
cost-effective than early versions of HPFRCC. ECCs ductility occurs through a process of multiple
steady-state micro-cracks formation referred to as pseudo strain hardening (PSH). In contrast to
the limited deformation capacity of typical HPFRCC (i.e., often below 1% strain capacity in
tension), ECCs exhibit a tensile strain capacity ranging from 1 to 8% (i.e., 100 to 800 times that
of concrete). Nonetheless, typical ECCs exhibit a tensile strain capacity of 2 to 5%(8). Due to its
superior mechanical properties (i.e., high tensile ductility and tight crack width), ECCs perform
well against relevant deterioration mechanisms in concrete structures (i.e., alkali-silica reaction,
sulfate attack, freeze-thaw, corrosion) (7, 9). Importantly, autogenous healing mechanisms of
cementitious materials are effective at healing microcracks in ECCs, thus further supporting ECCs’
excellent durability characteristics (10).

For the design of structures, both strength and ductility of structural materials are of utmost
importance to ensure safety and reliability of structures, particularly at extreme conditions. As
such, endowing concrete with high strength and ductility capabilities could potentially allow for
the design of civil infrastructure with concrete as the solo structural material. Recently, Ultra-
High-Performance ECC (UHP-ECC) materials have been proposed to overcome the limited
ductility of UHPC and produce cementitious composites with remarkable mechanical properties
(3, 11, 12). The design of this emerging class of concrete materials are based on the combination
of the micromechanics and fracture mechanics design concepts of ECC and the high particle
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packing density matrix design approach of UHPC. Through the combination of these, high strength
and high ductility can be simultaneously achieved. For instance, in a recent study by Yu et al. (3),
an UHPC-ECC composite was developed with a compressive strength of 121.5 MPa and a tensile
strain capacity of more than 8% (i.e., comparable to that of some metals) as shown in Table 1.
Consequently, this opens the possibility of designing and constructing infrastructure with UHP-
ECC as the solo structural material. Furthermore, UHP-ECC materials are excellent candidates to
be implemented in additive manufacturing, allowing for 3-D printing of robust infrastructure.

Table 1. Properties of concrete materials

Properties Regular Concrete U(?,Plg,-j%c UHI:(’é)ECC
Compressive Strength (MPa) 30 150-230 1215
Tensile Strength (MPa) 3.2 9-19.6 174
Tensile Strain Capacity (%) 0.01 0.24-0.64 8.2
Crack width (um) N/A >100 <100




2. OBJECTIVES

The objective of this study was to develop novel UHP-ECC materials utilizing ingredients that are
readily available in Region 6. The development of such materials will provide the region with
state-of-the-art cementitious composites that will be available for the construction and repair of
transportation infrastructure as well as for future research such as the implementation of these
materials in construction 3D printing (C3DP).



3. LITERATURE REVIEW

3.1. Design Principles of UHPC

The main principles driving the design of UHPC are the reduction in porosity, dense particle
packing, microstructure enhancement, improved toughness, and homogeneity enhancement (18).

3.1.1. Reduction in Porosity

The porosity and compressive strength of concrete have a direct relationship, i.e., the lower the
porosity, the higher the strength. In addition, a decrease in porosity improves the durability of
concrete as it provides high resistance against penetration of deleterious substances into the
material. Apart from the total porosity of concrete, the pore size distribution, shape and position
of the pores also play a role in the mechanical strength of concrete (18). In UHPC, the reduction
in pore size and its improved distribution can be achieved through the incorporation of very fine
reactive mineral admixture, use of superplasticizer, lower water to cement ratio (w/c) and close
packing of raw materials (18, 19). Some of these factors are discussed in the following subsections.

3.1.2. Packing of Raw Materials

The main design principle of UHPC is to achieve a densely compacted cementitious matrix that
yields high mechanical strength and adequate workability. Different particle packing models have
been used by various researchers for the design of UHPC. For instance, some researchers used
Andreasen and Andersen's model for the optimization of matrix composition (20, 21). Similarly,
an optimization algorithm based on the Least Squares Model has been used to proportion the raw
materials in the mixture (18). The Packing density model, Compressive Packing Model, Aim and
Goff’s model, and D-optimal design are other models that have been used in previous studies (22—
25)

3.1.3. Reduction in w/c Ratio

Lowering w/c ratio will decrease the porosity in hydrated cement paste, and will subsequently
increase the compressive strength of hardened concrete (26). In UHPC, the range of wi/c ratio is
0.14-0.20, which is significantly lower than the wi/c ratio of normal cementitious composites, i.e.,
0.4-0.5 (18). Since wic is reduced in UHPC, superplasticizers are used in the mix to achieve
adequate workability for material processing. Hence, the selection of superplasticizer is one of the
critical steps in the production of UHPC.

3.1.4. Improved Toughness

In contrast to conventional concrete, UHPC generally implement steel fibers which produces an
improved toughness (i.e., the energy absorption capacity of the material and its ability to resist
fracture) (27). Incorporation of fibers in UHPC not only prevents and controls the initiation of
cracks but also resists the propagation of cracks. This is achieved through the fiber bridging
capacity of fibers which transfer the load through the interface between the matrix and fibers (28).
From previous studies, it has been observed that the steel fibers dramatically improve the
toughness of UHPC (18, 29, 30).
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3.1.5. Microstructure Enhancement

UHPC exhibits enhanced mechanical properties due to its uniform and very dense microstructure
(18). Improvement in UHPC microstructure is achieved due to the close packing density,
incorporation of pozzolanic materials, lower w/c ratio, and fewer voids in the interfacial transition
zone (ITZ) (18, 31). The microstructure of UHPC, consists mainly of hydration products (mainly
calcium silicate hydrate, i.e., C-S-H), un-hydrated cement, and minimal pores (31). These pores
range from 2-3 nm with a total porosity of about 2.23% (18). However, when cured at higher
temperatures, i.e., 150-200°C, the pore space in UHPC becomes negligible. This is due to the
accelerated pozzolanic reaction between calcium hydroxide (CH) and pozzolanic materials, which
fills the voids by the formation C-S-H gel (31, 32). Furthermore, an X-ray diffraction (XRD)
analysis conducted in a study by Wang et al. showed that the hydrated cement paste has no
ettringite and minimal CH (31). The ITZ is the weak zone in conventional concrete where most of
the failure occurs due to its high porosity and high CH content. However, in UHPC, the ITZ is as
dense as the matrix due to the low w/c ratio and high C-S-H content. It is also important to note
that the density of the C-S-H gel in UHPC is higher than in conventional concrete (18). This
improved and dense microstructure is an important factor in the performance of UHPC.

3.1.6. Improvement in Homogeneity

In UHPC the utilization of very fine quartz sand instead of conventional aggregates decreases the
formation of microcracks and results in the ITZ being as dense as the matrix (33). Furthermore,
the incorporation of fine sand decreases both the defects and inhomogeneity in UHPC. This, in
turn, reduces the failure of concrete along the ITZ and enhances the durability due to the absence
of microcracks in the ITZ (18). Therefore, the homogenous microstructure is a vital parameter for
the performance of UHPC.

3.2. Design Principles of ECC

The design and optimization of ECC materials are based on micromechanics and fracture
mechanics concepts. The implementation of these concepts allow for the design of composites
exhibiting PSH behavior at relatively low fiber contents (34). There are two fundamental criteria
that must be satisfied for the PSH behavior of ECC to occur, the strength criterion and the energy
criterion (35). These criteria will be discussed in the subsections below.

3.2.1. Strength Criterion

The strength criterion guarantees that there is appropriate fiber-bridging capacity when cracks
initiate from any defect site in the composite. To this end, the matrix first-cracking strength (o)
should not exceed the fiber-bridging capacity (g,) on any possible crack plane as illustrated by
Equation 1 (36):

O = Ocr 1)
where,

o,= Fiber-bridging capacity;

o.-= Matrix cracking strength.

If this condition is not satisfied, fibers will rupture and/or pull out of the matrix upon the initiation
of a crack leading to failure of the composite.
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3.2.2. Energy Criterion

The energy criterion guarantees the occurrence of steady-state flat-crack propagation (37). The
energy criterion essentially requires energy equilibrium in the system which allows the
propagation of cracks at constant tensile stress (o) while maintaining a uniform opening of cracks
(85) with the exception of the small zone in the wake of the crack tip (38). The energy criterion is
satisfied when the complementary energy of the fiber-bridging relation (J;) is higher than the crack
tip matrix toughness (J.;,,). Figure 2a illustrates J.;,, and /', in a fiber-bridging relation curve. The
energy criteria was first recognized by Marshall and Cox through J-integral analysis and is
presented in the following equation (8, 35, 39):

J'y = 6080 = [,° 6(8) d6 = Juy 2)
where,

J', = Complementary energy of the fiber-bridging relation;

Jeip= Crack-tip matrix toughness;

&o= Crack opening corresponding to gy;

o (&)= Fiber-bridging relationship.

The strength and energy criteria are generally presented in the form of PSH indexes (i.e., oo/
and J,/J i ratios). If either the PSH strength or PSH energy index is lower than one, the composites
will exhibit a single crack softening response rather than a strain-hardening multiple crack
behavior (see Figure 2b). It is imperative to understand that Equation 1 and Equation 2 consider
an homogeneous material; hence, in fact the necessity for PSH indexes larger than one is necessary
for robust PSH performance (8, 40). Kanda and Li (41) suggested PSH strength index and PSH
energy index of 1.3 and 2.7, respectively, to ensure saturated PSH behavior of the composites.
Saturated PSH behavior refers to the ultimate multiple cracking concentration which can occur in
the composite before crack spacing is too small for further formation of cracks (because of
inadequate stress transfer from fibers at a crack plane) (42).
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Figure 2. (a) Fiber bridging relation (6-6 curve), and (b) stress vs. strain behavior of ECC and FRC in tension (adapted
from)



3.3. UHP-ECC

An emerging concrete material class exhibiting high mechanical strength and ductility
simultaneously is known as UHP-ECCs, also referred in the literature as high-strength high-
ductility concrete. UHP-ECCs exhibit high compressive strength (i.e., at least >120 MPa), high
tensile strength (i.e., ~10-20 MPa), and high flexural strength (i.e., ~15-30 MPa) (3, 11, 43-46).
UHP-ECCs also possess high tensile ductility (i.e., ~2 to 10%), and high energy absorption
capacity during the strain hardening regime (which can reach up to 1500 kJ/m?) (11, 43-48). These
exceptional mechanical properties are achieved through a densely packed homogenous
cementitious matrix reinforced with high strength and high aspect ratio synthetic fibers instead of
steel fibers, which are commonly used in UHPC. Furthermore, UHP-ECCs are optimized by
tailoring matrix and fiber/matrix interfacial properties through carful mixture proportioning and
basic ingredients selection. The type of synthetic fiber that has been successfully used in the design
of UHP-ECC is ultra-high-molecular-weight (UHMW) polyethylene (PE) fiber, which possess a
very high tensile strength and is hydrophobic. The excellent mechanical properties of the UHMW
PE fiber is essential as this is needed to transfer the large interfacial frictional stresses produced
by the densely packed UHP-ECC matrix without rupturing, thus allowing for the PSH strength
criteria to be met. Moreover, the hydrophobic nature of UHMW PE fibers is also key as this
eliminates the fiber/matrix interfacial chemical bond leading to a high complimentary energy of
the fiber bridging relation, and consequently allowing for the PSH energy criteria to be met (49).
Table 2 present the properties of some of the UHMW PE fibers that have been utilized in the
literature to produced UHP-ECC. As it can be observed, the aspect ratio and tensile strength of the
UHMW PE fibers ranges between 450-900 and 2400-3800 MPa, respectively.

Table 2. Properties UHMW PE fibers utilized in high-strength high-ductility ECC

Authors Diameter, D Length, L Aspect Ratio | Strength
(um) (mm) (L/D) (MPa)
24 12 500 2400
Yu et al. (2020) (50) 24 18 750 2400
20 18 900 2800
Zhang et al. (2019)(51) 26 18 692 3000
Yu et al. (2018)(3) 20 18 900 3000
25 18 720 2900
Yuetal. (2017)(11) 20 18 900 3800
Ranade et al. (2013)(49) 28 12.7 454 3000
Zhou et al. (2018) (12) 25 18 720 2900




4. METHODOLOGY

4.1,

Materials

Type | ordinary Portland cement (OPC), silica fume (SF), Class F fly ash (FA), ordinary natural
river sand (OS), microsilica sand (MS), high-range water-reducer (HRWR), potable water, and
UHMW PE fiber were the components used in the production of the UHP-ECC materials evaluated
in this research. All the components are readily available in the U.S., except for the UHMW PE
fiber. Using X-ray fluorescence (XRF) spectroscopy analysis, the chemical structure of OPC and
FA was determined, as shown in Table 3. The properties of SF (MasterLife SF 100, BASF), which
were given by the producer are shown in Table 4. OPC, FA, SF, OS, and MS had specific gravities
of 3.15, 2.29, 2.20, 2.61, and 2.65, respectively.

Table 3. OPC and FA chemical composition (weight %)

A Beckman LS200 was used to determine the particle size distribution of OPC, FA, SF, OS, and
MS determined as shown in Figure 3. In the case of SF, the particle size distribution was given by
the producer. Table 5 shows the properties of the UHMW PE fiber (Qianxilong, China) used in
the production of the UHP-ECC.
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Figure 3. UHP-ECC components particle size distribution
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Material SiO2 Al2O3 | Fe:0Os | CaO MgO SOs K20 Na20
Cement 19.24 4.75 3.35 65.81 2.20 3.61 0.54 -
Fly Ash 62.08 18.56 8.22 5.69 1.69 0.37 1.42 0.35
Table 4. Silica fume properties

Silicon dioxide (SiO2), min, % 85.0

Chloride ions (Cl), max, % 0.5

Sulfur trioxide (SO3), max, % 3.0

Available alkalies, as Na20, max, % 1.5

Moisture content, max, % 3.0

Loss on ignition, max, % 6.0

Specific surface are (BET), min, m2/gm 15.0

Bulk density, Ibs/cubic foot 30.0-50.0




Table 5. Properties of UHMW PE fiber

Fiber Tvpe Length | Diameter | Young's Modulus | Tensile Strength Elongation Density
e (mm) | (um) (GPa) (MPa) (%) (g/em’)
UHMW PE 12 15 145 3900 3.5 0.97
4.2. Mixture Proportions

4.2.1. Evaluation of Cementitious Matrices

Initially, an evaluation of the compositional factors affecting the compressive strength of
cementitious matrices was conducted. This was performed in order to determine compositions
exhibiting compressive strength equal to or greater than 120 MPa. Variables investigated included
mass ratios of SF/FA, SCMs to cement (SCMs/C), and OS/MS. Table 6 present the variables and
levels explored in this portion of the study. The water to binder ratio (W/B), and sand to binder
ratio (S/B) were maintained at 0.24, 0.3, respectively. Furthermore, all cementitious matrices were
reinforced with 1 vol.% UHMW PE fiber to prevent brittle failure of the specimens. The High-
Range Water-Reduce (HRWR) was used at a constant content of 1.85% of the binder (by mass).
A total of 36 cementitious matrices results from the variables and levels evaluated. Mixture
proportions are shown in Table 7.

Table 6. Experimental variables and levels assessed

Variables Levels Description of Levels

SF/IFA 4 0, 1/9, 1/4, and 3/7 (i.e., 0, 10, 20, and 30% replacement of FA with SF)

SCMs/C 3 4/6, 1, and 1.5 (i.e., 40, 50, and 60% replacement of C with SCMs)
0S/MS 3 0, 2/6,and 1 (i.e., 0, 25, and 50% replacement of OS with MS)
Table 7. Mixture proportions (kg/m3)

Mix ID | Cement E:Jl:gi Fly Ash | Water | River Sand M'%g):g'ca ('\:/'gﬁ;:)
M1 826.9 0.0 551.3 330.8 0.0 413.4 1.0
M2 826.1 55.1 495.6 330.4 0.0 413.0 1.0
M3 825.2 110.0 440.1 330.1 0.0 412.6 1.0
M4 824.4 164.9 384.7 329.8 0.0 412.2 1.0
M5 826.4 0.0 550.9 328.3 105.6 309.9 1.0
M6 825.6 55.0 495.3 327.9 105.5 309.6 1.0
M7 824.7 110.0 439.9 327.6 105.4 309.3 1.0
M8 823.9 164.8 384.5 327.3 105.3 309.0 1.0
M9 825.9 0.0 550.6 325.8 211.1 206.5 1.0
M10 825.1 55.0 495.0 325.4 210.9 206.3 1.0
M11 824.3 109.9 439.6 325.1 210.7 206.1 1.0
M12 823.4 164.7 384.3 324.8 2104 205.9 1.0
M13 677.8 0.0 677.8 325.4 0.0 406.7 1.0
M14 677.0 67.7 609.3 325.0 0.0 406.2 1.0
M15 676.2 135.2 540.9 324.6 0.0 405.7 1.0
M16 675.3 202.6 472.7 324.2 0.0 405.2 1.0
M17 677.4 0.0 677.4 322.9 103.9 304.8 1.0
M18 676.6 67.7 608.9 322.5 103.8 304.5 1.0
M19 675.8 135.2 540.6 322.1 103.6 304.1 1.0
M20 674.9 202.5 472.5 321.7 103.5 303.7 1.0
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Mix ID | Cement Iilu“rzi Fly Ash | Water | River Sand M'%?rfg'ca (l\:/'gﬁ);j)
M21 677.0 0.0 677.0 320.4 207.6 203.1 1.0
M22 676.2 67.6 608.6 320.0 207.4 202.9 1.0
M23 675.4 135.1 540.3 319.7 207.1 202.6 1.0
M24 674.5 202.4 472.2 319.3 206.9 202.4 1.0
M25 533.5 0.0 800.3 320.1 0.0 400.2 1.0
M26 532.8 79.9 719.3 319.7 0.0 399.6 1.0
M27 532.0 159.6 638.4 319.2 0.0 399.0 1.0
M28 531.2 239.1 557.8 318.7 0.0 398.4 1.0
M29 533.2 0.0 799.9 317.7 102.2 299.9 1.0
M30 532.5 79.9 718.8 317.3 102.1 299.5 1.0
M31 531.7 159.5 638.0 316.8 101.9 299.1 1.0
M32 530.9 238.9 557.5 316.3 101.8 298.7 1.0
M33 532.9 0.0 799.4 315.3 204.3 199.8 1.0
M34 532.2 79.8 718.4 314.8 204.0 199.6 1.0
M35 531.4 159.4 637.7 314.4 203.7 199.3 1.0
M36 530.6 238.8 557.2 313.9 203.4 199.0 1.0

4.2.2. Evaluation of UHP-ECCs

Based on the findings from the evaluation of the cementitious matrices, two cementitious matrices
were selected for the production of UHP-ECCs. Both cementitious matrices kept constant the S/B
ratio, W/B ratio, and SCMs/C ratio at 0.36, 0.17, and 0.25 by mass, respectively. The only
difference in the composition of the cementitious matrices was the SF/FA ratio. One cementitious
matrix utilized a SF/FA ratio of 0.25, whereas the other one did not incorporated SF (i.e.,
SF/FA=0). Both cementitious matrices were reinforced with UHMW PE fiber at 1.5 and 2 vol.%
yielding a total of four UHP-ECC compositions. Importantly, the HRWR was used at a constant
content of 1.85% of the binder (by mass) for all mixtures. The mixture proportions of the UHP-
ECC composites developed in this study are shown in Table 8. The mixture label format used was
FALSFy-f; where X, y, and z stand for content of FA (by mass OPC), SF (by mass of OPC), fiber
(vol.%)., respectively.

Table 8. Mixture proportions

Mix ID Cement Silica Fume Fly Ash Water River Sand Fiber
(kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m?) (kg/m®) [vol.%]
FA2SFs-f15 12124 60.6 242.5 239.6 563.6 14.5 [1.5%]
FA20SFs-f2 1206.2 60.3 241.2 238.4 560.8 19.4 [2%]
FAzs-fi5 1213.7 0.0 303.4 239.8 564.3 14.5 [1.5%]
FAs-T; 1207.6 0.0 301.9 238.6 561.4 19.4 [2%)]
4.3. Material Preparation

A planetary mixer was implemented in the preparation of the cementitious matrices and UHP-
ECCs. As a first step, the dry powders (OPC, FA, SF, OS) were mixed at 60 rpm (slow speed) for
a minute. Second, both potable water and the HRWR were added and mixed for a minute at 60
rpm (slow speed), followed by an additional eleven minutes at 110 rpm (medium speed). Third,
50% of the UHMW PE fibers were added to the mix at 110 rpm (medium speed) and then mixed
at 200 rpm (high speed) for an additional two minutes. Fourth, the remaining 50% of the fibers
were added to the mix at 110 rpm (medium speed) and then mixed at 200 rpm (high speed) for an
extra four minutes. Once the mixing process ended, the samples were cast and covered with a
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plastic sheet to limit moisture loss. Finally, the specimens were taken out of their moulds after 24
hours and subsequently cured in lime-saturated water for 28 days at ambient temperature, as per
ASTM C511 (52).

4.4. Testing Methods

4.4.1. Flow Table Test

To evaluate the workability of the composites, ASTM C1437 was implemented upon the
completion of the mixing procedure as shown in Figure 4 (53).

Figure 4. Flow table test

4.4.2. Compressive Strength Test

ASTM C109, was implemented to assess the compressive strength of cementitious matrices and
UHP-ECCs (54). This method was selected as it has been adopted in previous studies to evaluate
UHP-ECCs’ compressive strength (49, 55, 56). For each mixture, a total of three cubes (50 mm x
50 mm x 50 mm) were cast and evaluated after curing for 28 days. Figure 5a shows the hydraulic
pressure machine that was used to perform the test, using a steady 0.25 MPa/s loading rate. Cube
specimens after test conclusion can be seen in Figure 5b.

Figure 5. (a) test configuration, and (b) cube samples at test completion
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4.4.3. Uniaxial Tensile Test

Based on the guidance of the Japan Society of Civil Engineers (JSCE) the tensile properties of
the UHP-ECC composites were assessed by performing uniaxial tensile tests (57). For each
UHP-ECC mixture, six dumbbell specimens were cast, cured for 28 days, and then tested. The
effective area dimensions of the dumbbell samples were 13 mm x 30 mm x 80 mm. A 0.5
mm/min loading rate was implemented and linear displacement sensors were used to measure the
deformation of the central part of the dumbbell. The uniaxial test setup can be seen in Figure 6a.
Figure 6b shows a dumbbell specimen at test completion. At the end of the test, the cracks on the
specimens were analysed using an optical microscope. The images collected using the
microscope were then processed using the software VIA Image Annotator, and subsequently the
average crack width for each crack was obtained from the processed data file using Python.
Finally, the average crack width for the specimen was obtained by averaging the crack widths for
all individual cracks on the specimen.

|

Figure 6. (a) UTT test configuration, and (b) dumbbell samples at test completion

4.4.4. Single Crack Tensile Test

The single crack tensile test (SCTT) was implemented on notched dumbbell samples to attain the
fiber-bridging relation of the UHP-ECC materials and quantify relevant fiber-bridging properties,
i.e., oo, 8y, and J',, (58, 59). For each UHP-ECC mixture, five notched-dumbbell samples were
cast, cured for 28 days, and tested. For the purpose of the SCTT a fiber content of 0.5 vol.%
UHMWPE was used. This is customary in order to avoid the development of multiple cracks
during the test, which prevent the accurate determination of a(&). The dimensions of the notched
dumbbell specimens are displayed in Figure 7a. A 250 kN servo-hydraulic machine was used to
perform the SCTT with a 0.5 mm/min loading rate. To measure the crack opening displacements
of the specimens, linear displacement sensors were used. A gauge length of 20 mm was used for
the test. When compared to the UTT, the gauge length is smaller in the SCTT to prevent the elastic
deformation of the cementitious matrix to contribute to the resulting crack opening displacement.
Dumbbell specimens after test completion can be seen in Figure 7b.
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Figure 7. (@) dumbbell sample dimensions with notch (Adapted from (16)), and (b) dumbbell specimen at test completion

4.4.5. Fracture Toughness Test

Three-point bending test were implemented on notch-beam samples for the two cementitious
matrices (i.e., FA20SFs and FA2s) assessed to determine relevant matrix properties, i.e., fracture
toughness (Km), crack tip fracture toughness (Jip), and elastic modulus (Em). For each UHP-ECC
matrix mixture (i.e., with no fiber content), six notched-beam specimens were cast, cured for 28
days, and tested. The notched beam dimensions were 75 mm x 75 mm x 300 mm. A notch depth
to beam depth ratio (a/d) of 0.5 and span to depth ratio (I/d) of 4 were used. As shown in Figure
8a, a universal testing system was implemented for the test, using a 0.18 mm/min loading rate. In
order to attain the deformation at the middle of the notched-beam sample span, linear displacement
sensors were used. Figure 8b shows a notched-beam sample after test completion. The effective
crack model (ECM) was followed to determine Ky, and En (60, 61):

F = 043P 13(1‘*%) 1.171 3)
m 8; 4bd3(1_g)3 1.68bd(1-5)

Where:

6; = deflection corresponding to P;,

b = beam width,

Pi = arbitrary load level,

d = beam depth,

| = beam span,

a = initial notch depth, and

w = self-weight of the specimen unit length

Kp = opJacY () 4)
Where:
M = (Pmax + Wl/z) l/4 ®)
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Op = 6M/(bd2) (6)
ae = effective notch depth
Y (a) = correction factor, determined as follows:

1.99-a(1-a)(2.15-3.93a+2.70a?)

Y(a) = (1+2a)(1-a)'s )
with o = %/,

Lastly, Jiip is determined as follows:

Jup = 22 ®)

(b)

Figure 8. (a)Universal testing system configuration (b)Notched-beam sample at test conclusion

4.4.6. Flexural Strength Test

Four-point bending test, according to ASTM C 1609, was implemented on 101.6 x 101.6 x 355.6
mm specimens to evaluate the flexural performance of the UHP-ECC composites assessed in this
research(62). For flexural loading, a span length of 300 mm and a 100 mm center span length were
implemented. As shown in Figure 9a, a universal testing system was implemented for the test,
using a 0.075 mm/min loading rate. In order to measure the deformation at the middle of the beam
sample span, linear displacement sensors were used. Figure 9b shows beam samples at test

completion.
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Figure 9. (@)Four-point bending test configuration (b)Beam samples at test conclusion
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5. ANALYSIS AND FINDINGS
5.1. Cementitious Matrices

5.1.1. Compressive Strength

Table 9 displays the 28-day compressive strength for the 36 cementitious matrix mixtures
considered in the first phase of this study. The 28-day compressive strength of the mixtures ranged
from 50.2 to 99.5 MPa. As observed, the highest compressive strength was achieved by mixture
M4. Mixture M4 corresponds to a FA/SF ratio of 3/7, a SCMs/C ratio of 4/6, and OS/MS ratio of
0. Generally, compressive strength results obtained were significantly higher than that of
conventional concrete (i.e., 30 MPa) or high strength concrete (i.e., 55 MPa). However, the target
compressive strength threshold of >120 MPa, to be considered a UHP-ECC, was not achieved.

Table 9. Compressive strength test results at 28 days

Mix ID Average (MPa) SD (MPa) CV (%)
M1 77.8 15 2.0
M2 86.0 1.2 1.4
M3 89.9 3.2 3.5
M4 99.5 3.3 3.3
M5 86.4 1.2 1.4
M6 94.6 2.8 2.9
M7 96.9 7.7 8.0
M8 98.0 3.1 3.1
M9 88.1 15 1.7
M10 93.8 2.4 2.6
M11 91.0 6.1 6.7
M12 97.5 3.1 3.2
M13 80.0 1.9 2.3
M14 90.0 2.0 2.3
M15 88.8 3.9 4.4
M16 99.5 1.1 1.1
M17 82.0 1.8 2.2
M18 89.4 1.4 1.6
M19 86.7 3.3 3.8
M20 92.2 5.8 6.2
M21 77.3 1.3 1.7
M22 81.6 2.4 2.9
M23 79.7 1.8 2.3
M24 90.4 0.8 0.9
M25 72.1 0.9 1.2
M26 80.0 1.0 1.2
M27 87.3 0.4 0.5
M28 82.1 4.2 5.1
M29 98.2 4.3 4.4
M30 73.8 4.2 5.6
M31 83.9 2.5 3.0
M32 88.2 4.1 4.7
M33 50.2 3.9 7.7
M34 78.0 0.9 1.1
M35 80.7 1.3 1.6
M36 81.0 4.1 5.1
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Linear regression models were created for each variable explored (i.e., SF/FA, SCMs/C, and
OS/MS) to be able to understand their individual impact on the cementitious matrices” compressive
strength. Equations 7, 8, and 9 present the regression models for SF/FA, SCMs/C, and OS/MS,
respectively. The coefficient of determination (R?) for the regressions presented in equations 7, 8,
and 9 were 0.21, 0.25, and 0.04, respectively.

fc = 27.92 2=+ 80.40 (9)

SCMs
Cc

fc = —14.40

+101.12 (10)
. — o5
fc = —4.58 -2 +87.94 (11)

The SF/FA model indicated that higher SF/FA ratio values led to higher cementitious matrices’
compressive strength. This can be credited to the fine particle size and high reactivity of SF when
compared to FA, which may enhance the microstructure and particle packing density of the
cementitious matrix resulting in increases in strength (63). On the other hand, the resulting
regression model for the SCMs/C ratio showed a worsening strength as the ratio increased. This
can be attributed to the fact that the compression tests were performed at 28 days, time at which
the pozzolanic reaction of the SCMs had not yet significantly affected compressive strength
development (64). It is foreseen that the effect of SCMs will increase the strength of the mixtures
at later ages. Finally, the resulting linear regression for the OS/MS ratio displayed a small slope,
implying that the OS/MS ratio had no significant effect in the strength development of the
cementitious matrices. It is relevant to mention that although tendencies shown by the linear
regressions are useful for understanding the results, the R? values obtained were very low.

A multiple linear regression model was developed to assess the impact of all the variables
simultaneously on the cementitious matrices’ compressive strength. The multiple linear regression
results showed that the model was statistically significant (p-value <0.0001) and that resulting
coefficients for each independent variable were also statistically significant (p-values <0.0001 for
SF/FA and SCMs/C, and p-value of 0.0063 for OS/MS). Moreover, the R? was equal to 0.49,
which is considerably greater than that of the linear regression models for individual variables.
The multiple linear regression is presented in equation 10 below.

SCMs
C

fc = 27.92 3L — 14.40 — 4582 1 9764 (12
FA MS

The multiple linear regression model shows the following trends: (1) SF/FA ratio had the biggest
effect on strength, increasing it as the ratio increased; (2) a higher SCMs/C ratio results in
worsening of the strength; (3) OS/MS ratio had the least effect on strength development, with a
slight negative effect. By using equation 10, the compressive strength of the different mixtures
evaluated was calculated (i.e., predicted strength) and compared to those obtained experimentally
(i.e., actual strength) as shown in Figure 10. It can be appreciated that the model fairly determines
the compressive strength values of the mixtures exhibiting strengths higher than approximately 75
MPa.
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Figure 10. Actual vs. predicted compressive strength plot

Based on the results, it was noticed that cementitious matrices with higher SF/FA ratio and lower
SCMs/C ratio should be evaluated to reach compressive strength values >120 MPa. In addition,
the use of lower W/B ratios may also be necessary to achieve the target strength. Moreover, given
the low effect on strength of the OS/MS variable, it was determined that OS can be utilized as the
only fine aggregate to reduce the mixture costs and make them more practical. In the following
phase this knowledge is implemented for the development of UHP-ECCs.

5.2. UHP-ECCs

Based on the knowledge obtained from the previous phase of the research, two cementitious
matrices were developed to produce the UHP-ECCs. Relative to the cementitious matrices
produced in the previous phase, the present cementitious matrices reduced the W/B from 0.24 to
0.17. Moreover, a low SCMs/C ratio (i.e., 0.25) was used, which was lower than the lowest level
previously evaluated (i.e., 0.67). The sole difference between the two new cementitious matrices
developed was the use of two different SF/FA ratios (i.e., 0 and 0.25) to evaluate the effect of
moderate SF content and no SF on the properties of the mixtures. The two cementitious matrices
were reinforced with UHMW PE fiber at two different vol.% (i.e., 1.5 and 2%), resulting in a total
of four UHP-ECC mixtures as presented in Table 10.

5.2.1. Flow Table Test

The resulting spread diameters from the flowability test are shown in Table 10. Two clear trends
were detected (1) a higher vol.% fiber content resulted in a decrease in flowability, and (2) using
SF decreased the flowability of the mix. The decrease in flowability of the mix when using SF was
attributed to the high surface area of SF, which increases water demand.

Table 10. Spread diameter (mm
. cv %
Mix 1 2 3 4 Avg. SD (%) Increase

FA20SFs-T15 160.69 176.74 162.05 160.36 | 165.0 | 79 | 438 65.0%
FA20SFs-T2 157.93 158.12 151.21 159.75 | 156.8 | 3.8 2.4 56.8%
FAzs-f1s 176.24 178.62 181.73 17222 | 1772 | 40 | 23 77.2%
FAzs-f2 175.12 169.34 167.81 165.19 | 1694 | 4.2 2.5 69.4%
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5.2.2. Compressive Strength Test

Table 11 displays the compressive strength test results of the mixtures assessed in this study. From
the results it can be noticed that the minimum compressive strength of 120 MPa was achieved by
all mixtures, excluding FA20SFs-f1 5. Furthermore, the highest compressive strength achieved was
133.1 MPa, for mixture FAzs-f1s. Intriguingly, the inclusion of SF in the mixtures resulted in a
slight worsening of the compressive strength. This could be associated to the reduced workability
of mixtures implementing SF, which may have allowed for the incorporation of more air bubbles.
This hypothesis is supported by the inferior densities displayed for mixtures using SF as shown in
Table 12. Concerning the impact on the compressive strength due to fiber content, there was no
obvious trend. Mixtures including SF showed a minor increase in strength as the fiber content
increased, while mixtures with no SF showed the contrary. An analysis of variance (ANOVA) was
conducted at a 5% significance level. From the statistical analysis, it was encountered that
differences observed in average compressive strength were not statistically significant (p-
value=0.12). In turn, this suggests the necessity of an expanded dataset to elucidate whether the
tendencies observed are real and not the construct of experimental variability.

Table 11. Compressive strength test results
Mix ID 1 2 3 Avg. | SD | CV (%)
FA20SFs-f15 104.1 | 120.3 | 123.0 | 115.8 | 10.2 8.8
FA2SFs-f; 124.8 | 124.1 | 131.0 | 126.6 | 3.8 3.0
FAzs-f15 129.3 | 1352 | 134.7 | 133.1 | 3.2 2.4
FAzs-T2 138.0 | 131.9 | 117.1 | 129.0 | 10.8 8.3

Table 12. Hardened density (kg/m3)

Mix ID 1 2 3 Avg. | SD | CV (%)
FA20SFs-fis | 2262.0 | 2246.4 | 2245.7 | 2251.4 | 9.3 0.4
FA2SFs-f; 2263.0 | 2263.4 | 2292.1 | 2272.9 | 16.7 0.7

FAs-f1s 2319.0 | 2312.2 | 2313.1 | 23148 | 3.7 0.2

FAzs-f2 2353.6 | 2364.9 | 2305.7 | 23414 | 315 1.3

5.2.3. Single Crack Tensile Test

Using the SCTT results for the two cementitious matrices with 0.5 vol.% UHMW PE fiber, the
fiber-bridging relation curves for 1.5 and 2 vol.% fiber contents were calculated and plotted with
the help of scaling factors (as shown in Figure 11). A small fiber content (i.e., 0.5% vol.%) was
used in the test to prevent multiple-cracking behaviour, which is prone to occur with these
materials. Previous research has discussed the implementation of scaling factors in the prediction
of o(&) for different fiber contents (7).
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Figure 11. Fiber-bridging relation curves: (a) FA20SF5-f1.5 (dashed) and FA20SF5-f2 (solid), (b) FA25-f1.5 (dashed) and
FA25-f2 (solid)

From the fiber-bridging relationships presented in Figures 11a and 11b, fundamental fiber-
bridging properties were determined including oo, do, and J'v. These properties are shown in Table
13. From the results it can be noticed that utilizing SF increased oo but decreased 0. This may be
associated to an enhancement in the interface frictional bond (t,) between the fiber and the
cementitious matrix, as a result of a dense microstructure improved by the fine particle size and
reactivity of SF (65-67). Although the use of SF enhanced oo, due to the marked decrease in do,
J'b decreased. In turn, the decrease in J'y is disadvantageous when trying to obtain PSH behavior.
Importantly, a higher fiber content resulted in higher values of oo and J'», which makes augmenting
the fiber content appealing to achieve materials with enhanced tensile strength and ductility.
However, the increase in fiber content can result in fiber dispersion problems, which can limit
improvements in fiber-bridging properties. Moreover, increasing fiber content substantially
increases the cost of the composites. It is relevant to mention that the properties shown in Table
13 assume adequate fiber dispersion and an insignificant effect of the fiber content increase on the
characteristics of the cementitious matrix. This is the case since tests were conducted at a fiber
content of 0.5 vol.%.

Table 13. Fiber bridging properties: oo, 80, and J’p

. FA20SFs-f15 FA20SFs-f2 FAz-f1s FA2s-f2
Properties ' nyo 1 sD | Avg.| SD Avg. sD Avg. sD
oo (MPa) 16.7 1.7 22.3 2.2 13.6 1.6 18.2 2.2
do (mm) 0.28 0.03 0.28 0.03 0.36 0.03 0.36 0.03
Jb (J/m?) | 688.9 400.7 918.5 534.3 909.4 181.0 1212.5 241.3

5.2.4. Fracture Toughness Test

The results from the fracture toughness test for both cementitious matrices considered are shown
in Table 14. Resulting Jip values indicate that utilizing SF in the mixture had an apparent
worsening effect. In turn, this would imply that in terms of matrix properties, cementitious matrices
including SF are more conducive for PSH behaviour. Notwithstanding, a t-test conducted at a 5%
significance level revealed that the difference in average Jip was not statistically significant (p-
value=0.86). As such, further testing is warranted to make a definite determination.
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Table 14. Matrix crack tip fracture toughness Jtip (J/m2)

Mix ID 1 2 3 Avg. SD [ CV (%)
FA20SFs 39.6 435 25.2 36.1 9.7 26.8
FAz 738 90.3 23.2 62.4 35.0 56.0

5.2.5. Uniaxial Tensile Test

From the tensile stress vs. strain curves shown in Figure 12, the tensile strength (cu), matrix
cracking strength (ocr), and tensile strain capacity (ey) of the composites were determined and
summarized in Table 15. In addition, to better understand the tensile performance of the UHP-
ECC materials, the energy and strength PSH indexes were calculated from the previously attained
fiber-bridging and cementitious matrix properties oo, J'n, Jiip, and oc, as shown in Table 16.
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Figure 12. Tensile stress vs. strain curves: (a) FA20SF5-f1.5 (dashed) and FA20SF5-f2 (solid), (b) FA25-f1.5 (dashed) and
FA25-f2 (solid)

Table 15. Tensile strength, cracking strength, and tensile strain capacity

. FA20SFs-f15 FA20SFs-f2 FAz-f1s FA2s-f2
Properties Avg. | SD | Avg. | SD | Avg. | SD | Avg. | SD
Tensile Strength (MPa) 71.74 0.64 7.68 0.98 | 10.33 | 1.04 8.79 0.38
Tensile Strain Capacity (%) 2.52 1.44 2.17 0.65 433 | 243 2.34 1.08
Cracking Strength (MPa) 4.24 1.11 3.81 0.58 5.25 | 0.85 5.16 0.83
Table 16. PSH strength and energy indexes
Properties FA20SFs-fis | FA20SFs-f2 FA2-fis | FAxs-f2
oo(MPa) 16.7 22.3 13.6 18.2
oo (MPa) 4.2 3.8 5.2 5.2
PSH Strength Index 3.9 5.8 2.6 35
J'b (J/m?) 688.9 918.5 909.4 1212.5
Jip M) 36.1 36.1 485 485
PSH Energy Index 19.1 254 18.8 25.0

From the tensile properties reported in Table 15, it can be observed that all the composites
exhibited ECC-like ductility (i.e., >2% tensile strain capacity). Accordingly, the remarkable
ductility of the materials is supported by the PSH strength and energy indexes obtained, which far
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exceeded the minimum values desire for robust PSH behavior of 1.3 and 2.7, respectively (see
Figure 13). Furthermore, the following tendencies were observed: (1) the use of SF had a negative
effect in the tensile strength and strain capacity of the composites; and (2) incrementing the vol.%
fiber content produced no meaningful effect or a negative impact in the tensile strength and strain
capacity of the materials. From the fiber-bridging capacities reported in Table 16, it is predicted
that both the use of SF and augmenting the fiber content should enhance the tensile strength of the
composites. Moreover, from the PSH indexes (see Figure 13) it is expected that augmenting the
fiber content produces substantial improvements in the material’s PSH behavior and thus in their
tensile ductility. Nonetheless, the opposite tendencies were observed. However, a reasonable
justification exists for the phenomena observed. To attain o(d) at 1.5 and 2% fiber content, scaling
factors were used from 0.5% fiber content curves. However, for the use scaling factors to be
accurate, the increase in fiber content should not significantly affect the fiber distribution or the
fiber/matrix interface properties. From the results, it is believed that augmenting the fiber content
from 0.5% to 1.5 and 2% negatively affected fiber distribution. This is the case as a significant
workability loss was detected when augmenting the fiber content from 0.5% to 1.5% and 2%, thus
producing the possibility of fiber clumping. In fact, some fiber clumps were detected in fresh
mixtures implementing 2% fiber content (by visual inspection and touch), especially for mixtures
implementing SF. As such, values of 6o and J'» obtained for mixtures using 1.5 and 2% fiber
content were likely overestimated, especially for materials using 2% fiber content. It is relevant to
notice that the sand utilized in this study (i.e., natural river sand) is significantly coarser than the
sand conventionally used in the development of ECCs or UHP-ECCs (i.e., manufactured
microsilica sand), which may intensify fiber distribution issues. This can happen given that the use
of sand with a particle size superior than the average space between the fibers, can result in
increased interaction between the aggregate and the fiber, contributing to fiber clumping (68, 69).
Table 15 also shows that the matrix cracking strength decreased as fiber content incremented and
SF was used. In turn, this could be indicative of worsening fiber dispersion given that fiber clumps
can behave as defects in the composites and negatively impact the matrix cracking strength.

An ANOVA (at 5% significance level) was conducted to examine the statistical significance of
the findings. From the ANOVA, statistically significant differences were encountered in the
average tensile strength (p-value<0.0001) and matrix first-cracking strength (p-value=0.022) of
the composites. Nonetheless, the differences in average tensile strain capacity of the UHP-ECCs
were not statistically significant (p-value=0.087), thus warranting further evaluation to confirm
tendencies observed in tensile ductility. Tukey-Kramer Honestly Significant Difference (HSD)
tests were conducted for the tensile strength and matrix first-cracking strength to determine
statistically significant differences among the materials evaluated. From the analysis, it was
determined that the difference in tensile strength of mixture FA2s-fis in contrast to all other
mixtures was statistically significant. In turn, this finding suggests that (1) the decrease in tensile
strength when using SF is significant at 1.5% fiber content, and (2) the decrease in tensile strength
when increasing the amount of fiber from 1.5 to 2% for composites with no SF was significant. In
the case of the first-cracking strength, a statistically significant difference was only encountered
between FA2SFs-f> and FA2s-fis. Consequently, this tells us that the combined effect of
implementing SF and augmenting fiber content from 1.5 to 2% produced a significant decrease in
the matrix first-cracking strength. This supports the hypothesis using SF and the increase in fiber
content led to fiber agglomeration, which acted as defects in the material, thus negatively affecting
the composite’s fiber-bridging and matrix properties.
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Figure 13. PSH indexes and corresponding tensile strain capacities of the composites

It is important to point out that mixture FA2s-f15, which used readily available components and a
relatively low fiber content (1.5%), presented remarkable compressive strength (133.1 MPa),
tensile strength (10.3 MPa), and tensile strain capacity (4.3%). Importantly, SF and MS were not
used in mixture FA2s-f1s. This is significant as these ingredients are seldom left out in the
production of UHP-ECC and contribute to a significant increment in price, loss of workability and
reduced practicality of the composites.

5.2.6. Flexural Performance Test

The flexural performance results for all UHP-ECC mixtures considered are shown in Table 17.
Figure 14 shows the flexural tensile stress vs. deflection curves. It can be observed that all mixtures
assessed displayed deflection hardening behavior after reaching the first-cracking strength. This
behavior was foreseen since flexural performance of concrete composites is governed by its tensile
performance. Thus, the previously discussed tensile behavior could be seen reflected on the
flexural performance of the beam samples. Furthermore, fluctuations in mixture composition had
a similar effect on the strength and ductility of the materials to those observed during the tensile
test. Nonetheless, using ANOVA, no statistically significant differences were obtained for the first-
cracking strength (p-value=0.56), flexural strength (p-value=0.28), and deflection capacity (p-
value=0.12). It is important to mention that the highest average first-cracking strength was
obtained by mixture FAs-f1 5, while the highest average flexural strength and deflection capacity
were obtained by FAs-f>.
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Figure 14. Flexural tensile stress vs. deflection curves: (a) FA20SF5-f1.5 (dashed) and FA20SF5-f2 (solid), (b) FA25-f1.5
(dashed) and FA25-2 (solid)

Table 17. Flexural performance properties: first cracking strength, flexural strength, and deflection capacity

Properties FA20SFs-f15 FA20SFs-f2 FA2-fis FA2s-f2
Average | SD | Average | SD | Average | SD | Average | SD
First-Cracking Strength (MPa) 12.94 | 0.80 14.00 2.02 14.43 1.06 14.12 1.03
Flexural Strength (MPa) 21.26 0.40 20.85 2.52 2144 | 0.85 2436 | 3.62
Deflection Capacity (mm) 1.15 0.69 0.71 0.33 0.87 0.14 2.67 1.77

5.2.7. Crack Analysis

Table 18 displays the average crack width and average number of cracks obtained from the
dumbbell specimens after the uniaxial tensile test. As can be observed from Table 18, the average
crack width for the specimens was in the range of 61 um to 131 um, while the average number of
cracks ranged from 18.2 to 31.0. The average crack widths obtained are well within the range of
50 um to 180 um mentioned in the literature for UHP-ECCs. Also, Table 18 shows that the
implementation of SF in the mixtures resulted in a smaller number of cracks, which in turn
negatively affects tensile ductility. Mixtures with no SF also displayed a better tensile strain
capacity in the uniaxial tensile test, which concurs with results attained in this section.

Table 18. Crack analysis: average crack width and average number of cracks

Properties FA20SFs-f15 FA20SFs-f2 FA2s-fis FA2s-f2
Average | SD | Average | SD | Average | SD | Average | SD
Average Crack Width (um) 110.1 29.1 131.0 17.0 115.3 16.8 61.5 12.6
Average Number of Cracks 18.2 6.7 23.8 8.6 31.0 10.0 26.0 7.0
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6. CONCLUSIONS

The aim of this research study was to produce novel UHP-ECC materials utilizing readily available
ingredients for the construction and repair of transportation infrastructure in Region 6. The first
phase of the study focused on the evaluation of the effect of ingredient selection and mixture
proportioning on the cementitious matrices” mechanical strength for the production of UHP-ECCs.
Variables evaluated included the mass ratios of SF/FA, SCMs/C, and OS/MS. Subsequently, the
second phase of the study adopted the knowledge obtained in the first phase to develop of UHP-
ECCs. In the development of UHP-ECCs, the effect of silica fume on the composite’s fiber-
bridging and matrix properties were assessed. Furthermore, the effect of silica fume and fiber
content on the composite’s fresh and hardened properties were evaluated. From the experimental
results the following conclusions can be inferred:
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The mass ratio of SF/FA had the most relevant effect on the cementitious matrices’
compressive strength, followed by the SCMs/C ratio, and finally the OS/MS ratio.
Furthermore, generally, the effects of the SF/FA, SCMs/C, and OS/MS ratios on the
matrices’ compressive strength were as follows: (1) increments in SF/FA produced
improvements in strength, (2) increments in SCMs/C produce decrements in strength, and
(3) increments in the OS/MS produced slight decrements in strength. A multiple linear
regression model was developed to predict the compressive strength of cementitious
matrices from the variables evaluated.

The incorporation of SF produced a decrease in workability of the fresh UHP-ECC
mixtures. Furthermore, augmenting fiber content from 1.5 to 2 vol.% did also worsen the
workability of the UHP-ECCs. Fiber clumps were detected by visual inspection and touch
on mixtures implementing 2 vol.% fiber content.

Excepting mixture FA2SFs-f1s, all the composites produced presented compressive
strengths greater than 120 MPa. Moreover, the compressive strength of the composites
ranged from 115.8 to 133.1 MPa. While augmenting fiber content from 1.5 to 2 vol.% did
not produce any obvious trend in the compressive strength, the implementation of SF in
the composites produced an apparent decrease in strength. The decrease in strength with
SF was accompanied by the decrease in hardened density, which was attributed to the
inclusion of additional entrapped air given the decrease in workability caused by SF.
Nonetheless, statistically significant differences in the compressive strength of the
materials were not found.

The incorporation of SF increased oo, yet it decreased do leading to a decrease of J'b. In
turn, in terms of fiber-bridging properties the use of SF is not advantageous to promote the
PSH behavior of the composites; however, it is conducive to increasing the tensile strength.
In the case of matrix properties, the use of SF produced an apparent decrease in Jip, Which
is beneficial for PSH response; nonetheless, the difference was not statistically significant.
PSH indexes computed from matrix and fiber-bridging properties indicated that the use of
SF does not meaningfully impact the PSH energy index, yet it increases the PSH strength
index. Using scaling factors, fiber-bridging relations for 1.5 and 2 vol.% were obtained



from the 0.5 vol.% curves experimentally determined. PSH indexes computed for 1.5 and
2 vol.% far exceeded the minimum recommended values for robust PSH behavior.

All the composites produced presented ECC-like ductility (i.e., >2% tensile strain capacity)
as predicted by the PSH indexes. Furthermore, the implementation of SF and augmenting
the fiber content generally produced adverse impacts in the tensile strength and strain
capacity of the composites. Notwithstanding, the tensile strain capacity differences were
not statistically significant. While the tendencies observed contradicted the expected
composite response, the observed results were attributed to a worsening fiber dispersion as
SF was implemented and/or fiber content increased.

Flexural performance test results revealed a deflection hardening response for all the
composites developed. Furthermore, similar tendencies as those observed in the uniaxial
tensile test results in terms of strength and ductility were observed. Nonetheless, no
statistically significant differences were encountered for the flexural properties. Flexural
strength of the composites ranged from 20.9 to 24.4 MPa, which is approximately 4 to 5
times that of conventional concrete.

The average crack width for all materials was in the range of 61 pm to 131 pum, while the
average number of cracks ranged from 18.2 to 31.0. Implementation of SF in the mixtures
resulted in a smaller number of cracks, which concurs with the attained tensile strain
capacity from the uniaxial tensile test.

As shown in Table 20 below, from the experimental results, the development of UHP-ECCs
utilizing readily available ingredients was successfully achieved. Specifically, mixtures FA2s-f1 5,
FA2s-f2, and FA2SFs-f met the necessary requirements to classify as UHP-ECCs, i.e.,
simultaneously achieving ultra-high compressive strength (>120 MPa) and high tensile ductility
(tensile strain capacity >2%). Importantly, mixture FA2s-f15, which did not incorporate SF and
used relatively low fiber content, displayed a compressive strength of 133.1 MPa (i.e., ~4.5 times
that of concrete), tensile strength of 10.3 MPa (~3 times that of concrete), tensile strain capacity
of 4.3% (~430 times that of concrete), and flexural strength of 21.4 MPa (~4 times that of

concrete).
Table 20. Properties of UHP-ECCs (standard deviation presented in brackets)
Mixture 1D fi (MPa)? MOR (MPa)* | o, (MPa) | o, (MPa)" £, (%0)°
FA2SFs-f15 115.8[10.2] 21.3[0.4] 4.2[1.1] 7.7 [0.6] 2.5[1.4]
FA20SFs-f2 126.6 [3.8] 20.9[2.5] 3.8 [0.6] 7.711.0] 2.2[0.7]
FAzs-fis 133.1[3.2] 21.410.9] 5.3[0.9] 10.3[1.0] 4.3[2.4]
FAx-f; 129.0 [10.8] 24.4[3.6] 5.2[0.8] 8.8 [0.4] 2.3[1.1]

a Compressive strength; ® modulus of rupture (i.e., flexural strength); ¢ matrix cracking strength; ¢ tensile strength;

€ tensile strain capacity
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	31.0. Mixtures that did not contain SF resulted in a fewer number of cracks, which agreed with the attained tensile strain capacity. Flexural performance of the materials produced similar tendencies as those observed for the tensile performance, however no statistically significant differences in flexural strength and deflection capacity were encountered between mixtures. All the composites exhibited a deflection hardening behavior with the flexural strength ranging from 20.9 to 24.4 MPa. 
	From the results obtained in this study, three UHP-ECC materials utilizing readily available ingredients were successfully developed (i.e., mixtures FA-f1.5, FA-f, and FASF-f). These materials simultaneously exhibited ultra-high compressive strength (>120 MPa) and high tensile ductility (tensile strain capacity >2%). It is important to indicate that composite FA-f1.5, which generally presented the best mechanical properties, exhibited a compressive strength of 133.1 MPa (i.e., ~4.5 times that of concrete), 
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	1. INTRODUCTION 
	1. INTRODUCTION 
	Ultra-high-performance concrete (UHPC) is a concrete material with high strength (i.e., a minimum specified compressive strength of 120 MPa) and excellent durability (1, 2). To produce high strength, UHPC materials are prepared utilizing high cement content (i.e., over 800 kg/m), low water/binder ratio (i.e., lower than 0.2), and a high particle packing density design approach (2, 3). UHPCs usually include short randomly distributed discrete fibers (typically steel fibers at 2 to 6% vol.) (4). In turn, this
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	Figure
	Figure 1. Ductile behavior of ECC material developed at LSU (6) 
	Engineered Cementitious Composites (ECCs) also known as bendable concrete (Figure 1), are a novel class of high-performance fiber-reinforced cementitious composites (HPFRCC) that are designed based on micromechanics and fracture mechanics principles to display a highly pseudo ductile response at small fiber contents of 1 to 2 vol.% (7). This make ECCs practical to be implemented in the field using existing equipment and techniques as well as significantly more cost-effective than early versions of HPFRCC. E
	For the design of structures, both strength and ductility of structural materials are of utmost importance to ensure safety and reliability of structures, particularly at extreme conditions. As such, endowing concrete with high strength and ductility capabilities could potentially allow for the design of civil infrastructure with concrete as the solo structural material. Recently, UltraHigh-Performance ECC (UHP-ECC) materials have been proposed to overcome the limited ductility of UHPC and produce cementiti
	For the design of structures, both strength and ductility of structural materials are of utmost importance to ensure safety and reliability of structures, particularly at extreme conditions. As such, endowing concrete with high strength and ductility capabilities could potentially allow for the design of civil infrastructure with concrete as the solo structural material. Recently, UltraHigh-Performance ECC (UHP-ECC) materials have been proposed to overcome the limited ductility of UHPC and produce cementiti
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	packing density matrix design approach of UHPC. Through the combination of these, high strength and high ductility can be simultaneously achieved. For instance, in a recent study by Yu et al. (3), an UHPC-ECC composite was developed with a compressive strength of 121.5 MPa and a tensile strain capacity of more than 8% (i.e., comparable to that of some metals) as shown in Table 1. Consequently, this opens the possibility of designing and constructing infrastructure with UHPECC as the solo structural material
	-


	Table 1. Properties of concrete materials 
	Properties 
	Properties 
	Properties 
	Regular Concrete 
	UHPC-FRC (5, 13–17) 
	UHP-ECC (3) 

	Compressive Strength (MPa) 
	Compressive Strength (MPa) 
	30 
	150-230 
	121.5 

	Tensile Strength (MPa) 
	Tensile Strength (MPa) 
	3.2 
	9-19.6 
	17.4 

	Tensile Strain Capacity (%) 
	Tensile Strain Capacity (%) 
	0.01 
	0.24-0.64 
	8.2 

	Crack width (µm) 
	Crack width (µm) 
	N/A 
	>100 
	<100 



	2. OBJECTIVES 
	2. OBJECTIVES 
	The objective of this study was to develop novel UHP-ECC materials utilizing ingredients that are readily available in Region 6. The development of such materials will provide the region with state-of-the-art cementitious composites that will be available for the construction and repair of transportation infrastructure as well as for future research such as the implementation of these materials in construction 3D printing (C3DP). 

	3. LITERATURE REVIEW 
	3. LITERATURE REVIEW 
	3.1. Design Principles of UHPC 
	3.1. Design Principles of UHPC 
	The main principles driving the design of UHPC are the reduction in porosity, dense particle packing, microstructure enhancement, improved toughness, and homogeneity enhancement (18). 
	3.1.1. Reduction in Porosity 
	3.1.1. Reduction in Porosity 
	The porosity and compressive strength of concrete have a direct relationship, i.e., the lower the porosity, the higher the strength. In addition, a decrease in porosity improves the durability of concrete as it provides high resistance against penetration of deleterious substances into the material. Apart from the total porosity of concrete, the pore size distribution, shape and position of the pores also play a role in the mechanical strength of concrete (18). In UHPC, the reduction in pore size and its im

	3.1.2. Packing of Raw Materials 
	3.1.2. Packing of Raw Materials 
	The main design principle of UHPC is to achieve a densely compacted cementitious matrix that yields high mechanical strength and adequate workability. Different particle packing models have been used by various researchers for the design of UHPC. For instance, some researchers used Andreasen and Andersen's model for the optimization of matrix composition (20, 21). Similarly, an optimization algorithm based on the Least Squares Model has been used to proportion the raw materials in the mixture (18). The Pack

	3.1.3. Reduction in w/c Ratio 
	3.1.3. Reduction in w/c Ratio 
	Lowering w/c ratio will decrease the porosity in hydrated cement paste, and will subsequently increase the compressive strength of hardened concrete (26). In UHPC, the range of w/c ratio is , which is significantly lower than the w/c ratio of normal cementitious composites, i.e., 0.4-0.5 (18). Since w/c is reduced in UHPC, superplasticizers are used in the mix to achieve adequate workability for material processing. Hence, the selection of superplasticizer is one of the critical steps in the production of U
	0.14-0.20


	3.1.4. Improved Toughness 
	3.1.4. Improved Toughness 
	In contrast to conventional concrete, UHPC generally implement steel fibers which produces an improved toughness (i.e., the energy absorption capacity of the material and its ability to resist fracture) (27). Incorporation of fibers in UHPC not only prevents and controls the initiation of cracks but also resists the propagation of cracks. This is achieved through the fiber bridging capacity of fibers which transfer the load through the interface between the matrix and fibers (28). From previous studies, it 

	3.1.5. Microstructure Enhancement 
	3.1.5. Microstructure Enhancement 
	UHPC exhibits enhanced mechanical properties due to its uniform and very dense microstructure (18). Improvement in UHPC microstructure is achieved due to the close packing density, incorporation of pozzolanic materials, lower w/c ratio, and fewer voids in the interfacial transition zone (ITZ) (18, 31). The microstructure of UHPC, consists mainly of hydration products (mainly calcium silicate hydrate, i.e., C-S-H), un-hydrated cement, and minimal pores (31). These pores range from 2-3 nm with a total porosit

	3.1.6. Improvement in Homogeneity 
	3.1.6. Improvement in Homogeneity 
	In UHPC the utilization of very fine quartz sand instead of conventional aggregates decreases the formation of microcracks and results in the ITZ being as dense as the matrix (33). Furthermore, the incorporation of fine sand decreases both the defects and inhomogeneity in UHPC. This, in turn, reduces the failure of concrete along the ITZ and enhances the durability due to the absence of microcracks in the ITZ (18). Therefore, the homogenous microstructure is a vital parameter for the performance of UHPC.  
	3.2. Design Principles of ECC 
	The design and optimization of ECC materials are based on micromechanics and fracture mechanics concepts. The implementation of these concepts allow for the design of composites exhibiting PSH behavior at relatively low fiber contents (34). There are two fundamental criteria that must be satisfied for the PSH behavior of ECC to occur, the strength criterion and the energy criterion (35). These criteria will be discussed in the subsections below. 
	3.2.1. Strength Criterion 
	The strength criterion guarantees that there is appropriate fiber-bridging capacity when cracks initiate from any defect site in the composite. To this end, the matrix first-cracking strength (𝜎) should not exceed the fiber-bridging capacity (𝜎) on any possible crack plane as illustrated by Equation 1 (36): 
	𝑐𝑟
	0

	𝜎≥ 𝜎(1) 
	0 
	𝑐𝑟 

	where, 
	𝜎= Fiber-bridging capacity; 
	0 

	𝜎= Matrix cracking strength. 
	𝑐𝑟 

	If this condition is not satisfied, fibers will rupture and/or pull out of the matrix upon the initiation of a crack leading to failure of the composite. 
	3.2.2. Energy Criterion 
	The energy criterion guarantees the occurrence of steady-state flat-crack propagation (37). The energy criterion essentially requires energy equilibrium in the system which allows the propagation of cracks at constant tensile stress (𝜎) while maintaining a uniform opening of cracks (𝛿) with the exception of the small zone in the wake of the crack tip (38). The energy criterion is satisfied when the complementary energy of the fiber-bridging relation (𝐽) is higher than the crack tip matrix toughness (𝐽).
	𝑠𝑠
	𝑠𝑠
	𝑏
	′ 
	𝑡𝑖𝑝
	𝑡𝑖𝑝 
	𝑏 

	energy criteria was first recognized by Marshall and Cox through J-integral analysis and is presented in the following equation (8, 35, 39): 
	𝛿0
	𝐽′= 𝜎𝛿− ∫ 𝜎(𝛿) 𝑑𝛿 ≥ 𝐽(2)
	𝑏 
	0
	0 
	𝑡𝑖𝑝 

	0 
	where, 
	𝐽′= Complementary energy of the fiber-bridging relation; 
	𝑏 

	𝐽= Crack-tip matrix toughness; 
	𝑡𝑖𝑝 

	𝛿= Crack opening corresponding to 𝜎; 
	0 
	0

	𝜎(𝛿)= Fiber-bridging relationship. 
	The strength and energy criteria are generally presented in the form of PSH indexes (i.e., 𝜎̸ 𝜎′ 
	0 
	𝑐𝑠 

	and 𝐽̸ 𝐽ratios). If either the PSH strength or PSH energy index is lower than one, the composites will exhibit a single crack softening response rather than a strain-hardening multiple crack behavior (see Figure 2b). It is imperative to understand that Equation 1 and Equation 2 consider an homogeneous material; hence, in fact the necessity for PSH indexes larger than one is necessary for robust PSH performance (8, 40). Kanda and Li (41) suggested PSH strength index and PSH energy index of 1.3 and 2.7, res
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	Tensile Stress Strain FRC ECC PSH Behavior Softening Behavior 
	(a) (b) Figure 2. (a) Fiber bridging relation (σ-δ curve), and (b) stress vs. strain behavior of ECC and FRC in tension (adapted from) 
	3.3. UHP-ECC 
	An emerging concrete material class exhibiting high mechanical strength and ductility simultaneously is known as UHP-ECCs, also referred in the literature as high-strength high-ductility concrete. UHP-ECCs exhibit high compressive strength (i.e., at least ≥120 MPa), high tensile strength (i.e., ~10-20 MPa), and high flexural strength (i.e., ~15-30 MPa) (3, 11, 43–46). UHP-ECCs also possess high tensile ductility (i.e., ~2 to 10%), and high energy absorption capacity during the strain hardening regime (which
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	Table 2. Properties UHMW PE fibers utilized in high-strength high-ductility ECC 
	Authors 
	Authors 
	Authors 
	Diameter, D (um) 
	Length, L (mm) 
	Aspect Ratio (L/D) 
	Strength (MPa) 

	TR
	24 
	12 
	500 
	2400 

	Yu et al. (2020) (50) 
	Yu et al. (2020) (50) 
	24 
	18 
	750 
	2400 

	TR
	20 
	18 
	900 
	2800 

	Zhang et al. (2019)(51) 
	Zhang et al. (2019)(51) 
	26 
	18 
	692 
	3000 

	Yu et al. (2018)(3) 
	Yu et al. (2018)(3) 
	20 
	18 
	900 
	3000 

	Yu et al. (2017)(11) 
	Yu et al. (2017)(11) 
	25 
	18 
	720 
	2900 

	20 
	20 
	18 
	900 
	3800 

	Ranade et al. (2013)(49) 
	Ranade et al. (2013)(49) 
	28 
	12.7 
	454 
	3000 

	Zhou et al. (2018) (12) 
	Zhou et al. (2018) (12) 
	25 
	18 
	720 
	2900 





	4. METHODOLOGY 
	4. METHODOLOGY 
	4.1. Materials 
	Type I ordinary Portland cement (OPC), silica fume (SF), Class F fly ash (FA), ordinary natural river sand (OS), microsilica sand (MS), high-range water-reducer (HRWR), potable water, and UHMW PE fiber were the components used in the production of the UHP-ECC materials evaluated in this research. All the components are readily available in the U.S., except for the UHMW PE fiber. Using X-ray fluorescence (XRF) spectroscopy analysis, the chemical structure of OPC and FA was determined, as shown in Table 3. Th
	Table 3. OPC and FA chemical composition (weight %) 
	Material 
	Material 
	Material 
	SiO2 
	Al2O3 
	Fe2O3 
	CaO 
	MgO 
	SO3 
	K2O 
	Na2O 

	Cement 
	Cement 
	19.24 
	4.75 
	3.35 
	65.81 
	2.20 
	3.61 
	0.54 
	-

	Fly Ash 
	Fly Ash 
	62.08 
	18.56 
	8.22 
	5.69 
	1.69 
	0.37 
	1.42 
	0.35 


	Table 4. Silica fume properties 
	Silicon dioxide (SiO2), min, % 
	Silicon dioxide (SiO2), min, % 
	Silicon dioxide (SiO2), min, % 
	85.0 

	Chloride ions (CI), max, % 
	Chloride ions (CI), max, % 
	0.5 

	Sulfur trioxide (SO3), max, % 
	Sulfur trioxide (SO3), max, % 
	3.0 

	Available alkalies, as Na2O, max, % 
	Available alkalies, as Na2O, max, % 
	1.5 

	Moisture content, max, % 
	Moisture content, max, % 
	3.0 

	Loss on ignition, max, % 
	Loss on ignition, max, % 
	6.0 

	Specific surface are (BET), min, m2/gm 
	Specific surface are (BET), min, m2/gm 
	15.0 

	Bulk density, lbs/cubic foot 
	Bulk density, lbs/cubic foot 
	30.0-50.0 


	A Beckman LS200 was used to determine the particle size distribution of OPC, FA, SF, OS, and MS determined as shown in Figure 3. In the case of SF, the particle size distribution was given by the producer. Table 5 shows the properties of the UHMW PE fiber (Qianxilong, China) used in the production of the UHP-ECC. 
	0.1 1 10 100 1000 10000 100000 
	Particle Size (μm) 
	0 10 20 30 40 50 60 70 80 90 100 Percentage Passing (%) Cement Silica Fume Fly Ash Ordinary Sand Microsilica Sand 
	Figure 3. UHP-ECC components particle size distribution 
	Figure 3. UHP-ECC components particle size distribution 
	Table 5. Properties of UHMW PE fiber 

	Fiber Type 
	Fiber Type 
	Fiber Type 
	Length (mm) 
	Diameter (µm) 
	Young's Modulus (GPa) 
	Tensile Strength (MPa) 
	Elongation (%) 
	Density (g/cm3) 

	UHMW PE 
	UHMW PE 
	12 
	15 
	145 
	3900 
	3.5 
	0.97 


	4.2. Mixture Proportions 
	4.2.1. Evaluation of Cementitious Matrices 
	Initially, an evaluation of the compositional factors affecting the compressive strength of cementitious matrices was conducted. This was performed in order to determine compositions exhibiting compressive strength equal to or greater than 120 MPa. Variables investigated included mass ratios of SF/FA, SCMs to cement (SCMs/C), and OS/MS. Table 6 present the variables and levels explored in this portion of the study. The water to binder ratio (W/B), and sand to binder ratio (S/B) were maintained at 0.24, 0.3,
	Table 6. Experimental variables and levels assessed 
	Variables 
	Variables 
	Variables 
	Levels 
	Description of Levels 

	SF/FA 
	SF/FA 
	4 
	0, 1/9, 1/4, and 3/7 (i.e., 0, 10, 20, and 30% replacement of FA with SF) 

	SCMs/C 
	SCMs/C 
	3 
	4/6, 1, and 1.5 (i.e., 40, 50, and 60% replacement of C with SCMs) 

	OS/MS 
	OS/MS 
	3 
	0, 2/6, and 1 (i.e., 0, 25, and 50% replacement of OS with MS) 


	Table 7. Mixture proportions (kg/m3) 
	Mix ID 
	Mix ID 
	Mix ID 
	Cement 
	Silica Fume 
	Fly Ash 
	Water 
	River Sand 
	Microsilica Sand 
	Fibers (Vol%) 

	M1 
	M1 
	826.9 
	0.0 
	551.3 
	330.8 
	0.0 
	413.4 
	1.0 

	M2 
	M2 
	826.1 
	55.1 
	495.6 
	330.4 
	0.0 
	413.0 
	1.0 

	M3 
	M3 
	825.2 
	110.0 
	440.1 
	330.1 
	0.0 
	412.6 
	1.0 

	M4 
	M4 
	824.4 
	164.9 
	384.7 
	329.8 
	0.0 
	412.2 
	1.0 

	M5 
	M5 
	826.4 
	0.0 
	550.9 
	328.3 
	105.6 
	309.9 
	1.0 

	M6 
	M6 
	825.6 
	55.0 
	495.3 
	327.9 
	105.5 
	309.6 
	1.0 

	M7 
	M7 
	824.7 
	110.0 
	439.9 
	327.6 
	105.4 
	309.3 
	1.0 

	M8 
	M8 
	823.9 
	164.8 
	384.5 
	327.3 
	105.3 
	309.0 
	1.0 

	M9 
	M9 
	825.9 
	0.0 
	550.6 
	325.8 
	211.1 
	206.5 
	1.0 

	M10 
	M10 
	825.1 
	55.0 
	495.0 
	325.4 
	210.9 
	206.3 
	1.0 

	M11 
	M11 
	824.3 
	109.9 
	439.6 
	325.1 
	210.7 
	206.1 
	1.0 

	M12 
	M12 
	823.4 
	164.7 
	384.3 
	324.8 
	210.4 
	205.9 
	1.0 

	M13 
	M13 
	677.8 
	0.0 
	677.8 
	325.4 
	0.0 
	406.7 
	1.0 

	M14 
	M14 
	677.0 
	67.7 
	609.3 
	325.0 
	0.0 
	406.2 
	1.0 

	M15 
	M15 
	676.2 
	135.2 
	540.9 
	324.6 
	0.0 
	405.7 
	1.0 

	M16 
	M16 
	675.3 
	202.6 
	472.7 
	324.2 
	0.0 
	405.2 
	1.0 

	M17 
	M17 
	677.4 
	0.0 
	677.4 
	322.9 
	103.9 
	304.8 
	1.0 

	M18 
	M18 
	676.6 
	67.7 
	608.9 
	322.5 
	103.8 
	304.5 
	1.0 

	M19 
	M19 
	675.8 
	135.2 
	540.6 
	322.1 
	103.6 
	304.1 
	1.0 

	M20 
	M20 
	674.9 
	202.5 
	472.5 
	321.7 
	103.5 
	303.7 
	1.0 

	Mix ID 
	Mix ID 
	Cement 
	Silica Fume 
	Fly Ash 
	Water 
	River Sand 
	Microsilica Sand 
	Fibers (Vol%) 

	M21 
	M21 
	677.0 
	0.0 
	677.0 
	320.4 
	207.6 
	203.1 
	1.0 

	M22 
	M22 
	676.2 
	67.6 
	608.6 
	320.0 
	207.4 
	202.9 
	1.0 

	M23 
	M23 
	675.4 
	135.1 
	540.3 
	319.7 
	207.1 
	202.6 
	1.0 

	M24 
	M24 
	674.5 
	202.4 
	472.2 
	319.3 
	206.9 
	202.4 
	1.0 

	M25 
	M25 
	533.5 
	0.0 
	800.3 
	320.1 
	0.0 
	400.2 
	1.0 

	M26 
	M26 
	532.8 
	79.9 
	719.3 
	319.7 
	0.0 
	399.6 
	1.0 

	M27 
	M27 
	532.0 
	159.6 
	638.4 
	319.2 
	0.0 
	399.0 
	1.0 

	M28 
	M28 
	531.2 
	239.1 
	557.8 
	318.7 
	0.0 
	398.4 
	1.0 

	M29 
	M29 
	533.2 
	0.0 
	799.9 
	317.7 
	102.2 
	299.9 
	1.0 

	M30 
	M30 
	532.5 
	79.9 
	718.8 
	317.3 
	102.1 
	299.5 
	1.0 

	M31 
	M31 
	531.7 
	159.5 
	638.0 
	316.8 
	101.9 
	299.1 
	1.0 

	M32 
	M32 
	530.9 
	238.9 
	557.5 
	316.3 
	101.8 
	298.7 
	1.0 

	M33 
	M33 
	532.9 
	0.0 
	799.4 
	315.3 
	204.3 
	199.8 
	1.0 

	M34 
	M34 
	532.2 
	79.8 
	718.4 
	314.8 
	204.0 
	199.6 
	1.0 

	M35 
	M35 
	531.4 
	159.4 
	637.7 
	314.4 
	203.7 
	199.3 
	1.0 

	M36 
	M36 
	530.6 
	238.8 
	557.2 
	313.9 
	203.4 
	199.0 
	1.0 


	4.2.2. Evaluation of UHP-ECCs 
	Based on the findings from the evaluation of the cementitious matrices, two cementitious matrices were selected for the production of UHP-ECCs. Both cementitious matrices kept constant the S/B ratio, W/B ratio, and SCMs/C ratio at 0.36, 0.17, and 0.25 by mass, respectively. The only difference in the composition of the cementitious matrices was the SF/FA ratio. One cementitious matrix utilized a SF/FA ratio of 0.25, whereas the other one did not incorporated SF (i.e., SF/FA=0). Both cementitious matrices we
	-

	Table 8. Mixture proportions 
	Mix ID 
	Mix ID 
	Mix ID 
	Cement (kg/m3) 
	Silica Fume (kg/m3) 
	Fly Ash (kg/m3) 
	Water (kg/m3) 
	River Sand (kg/m3) 
	Fiber (kg/m3) [vol.%] 

	FA20SF5-f1.5 
	FA20SF5-f1.5 
	1212.4 
	60.6 
	242.5 
	239.6 
	563.6 
	14.5 [1.5%] 

	FA20SF5-f2 
	FA20SF5-f2 
	1206.2 
	60.3 
	241.2 
	238.4 
	560.8 
	19.4 [2%] 

	FA25-f1.5 
	FA25-f1.5 
	1213.7 
	0.0 
	303.4 
	239.8 
	564.3 
	14.5 [1.5%] 

	FA25-f2 
	FA25-f2 
	1207.6 
	0.0 
	301.9 
	238.6 
	561.4 
	19.4 [2%] 


	4.3. Material Preparation 
	A planetary mixer was implemented in the preparation of the cementitious matrices and UHP-ECCs. As a first step, the dry powders (OPC, FA, SF, OS) were mixed at 60 rpm (slow speed) for a minute. Second, both potable water and the HRWR were added and mixed for a minute at 60 rpm (slow speed), followed by an additional eleven minutes at 110 rpm (medium speed). Third, 50% of the UHMW PE fibers were added to the mix at 110 rpm (medium speed) and then mixed at 200 rpm (high speed) for an additional two minutes. 
	A planetary mixer was implemented in the preparation of the cementitious matrices and UHP-ECCs. As a first step, the dry powders (OPC, FA, SF, OS) were mixed at 60 rpm (slow speed) for a minute. Second, both potable water and the HRWR were added and mixed for a minute at 60 rpm (slow speed), followed by an additional eleven minutes at 110 rpm (medium speed). Third, 50% of the UHMW PE fibers were added to the mix at 110 rpm (medium speed) and then mixed at 200 rpm (high speed) for an additional two minutes. 
	plastic sheet to limit moisture loss. Finally, the specimens were taken out of their moulds after 24 hours and subsequently cured in lime-saturated water for 28 days at ambient temperature, as per ASTM C511 (52). 

	4.4. Testing Methods 
	4.4. Testing Methods 
	4.4.1. Flow Table Test 
	4.4.1. Flow Table Test 
	To evaluate the workability of the composites, ASTM C1437 was implemented upon the completion of the mixing procedure as shown in Figure 4 (53). 
	Figure
	Figure 4. Flow table test 
	4.4.2. Compressive Strength Test 
	ASTM C109, was implemented to assess the compressive strength of cementitious matrices and UHP-ECCs (54). This method was selected as it has been adopted in previous studies to evaluate UHP-ECCs’ compressive strength (49, 55, 56). For each mixture, a total of three cubes (50 mm x 50 mm x 50 mm) were cast and evaluated after curing for 28 days. Figure 5a shows the hydraulic pressure machine that was used to perform the test, using a steady 0.25 MPa/s loading rate. Cube specimens after test conclusion can be 
	Figure
	(a) (b) Figure 5. (a) test configuration, and (b) cube samples at test completion 
	4.4.3. Uniaxial Tensile Test 
	Based on the guidance of the Japan Society of Civil Engineers (JSCE) the tensile properties of the UHP-ECC composites were assessed by performing uniaxial tensile tests (57). For each UHP-ECC mixture, six dumbbell specimens were cast, cured for 28 days, and then tested. The effective area dimensions of the dumbbell samples were 13 mm x 30 mm x 80 mm. A 0.5 mm/min loading rate was implemented and linear displacement sensors were used to measure the deformation of the central part of the dumbbell. The uniaxia
	Figure
	(a) (b) Figure 6. (a) UTT test configuration, and (b) dumbbell samples at test completion 
	4.4.4. Single Crack Tensile Test 
	The single crack tensile test (SCTT) was implemented on notched dumbbell samples to attain the fiber-bridging relation of the UHP-ECC materials and quantify relevant fiber-bridging properties, i.e., 𝜎, 𝛿, and 𝐽′(58, 59). For each UHP-ECC mixture, five notched-dumbbell samples were cast, cured for 28 days, and tested. For the purpose of the SCTT a fiber content of 0.5 vol.% UHMWPE was used. This is customary in order to avoid the development of multiple cracks during the test, which prevent the accurate d
	0
	0
	𝑏 

	Figure
	(a) (b) Figure 7. (a) dumbbell sample dimensions with notch (Adapted from (16)), and (b) dumbbell specimen at test completion 
	4.4.5. Fracture Toughness Test 
	Three-point bending test were implemented on notch-beam samples for the two cementitious matrices (i.e., FASFand FA) assessed to determine relevant matrix properties, i.e., fracture toughness (Km), crack tip fracture toughness (Jtip), and elastic modulus (Em). For each UHP-ECC matrix mixture (i.e., with no fiber content), six notched-beam specimens were cast, cured for 28 days, and tested. The notched beam dimensions were 75 mm x 75 mm x 300 mm. A notch depth to beam depth ratio (a/d) of 0.5 and span to dep
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	8𝑝1.17𝑙 
	0.413𝑃𝑖 
	𝑖 

	𝐸= { 3+ } (3)
	𝑚
	𝑎 
	𝑎

	𝛿𝑖 1.68𝑏𝑑(1− )
	4𝑏𝑑(1− ) 
	3

	𝑑 
	𝑑 
	Where: 𝛿𝑖 = deflection corresponding to Pi, b = beam width, Pi = arbitrary load level, d = beam depth, l = beam span, a = initial notch depth, and 𝑤 = self-weight of the specimen unit length 
	Where: 𝛿𝑖 = deflection corresponding to Pi, b = beam width, Pi = arbitrary load level, d = beam depth, l = beam span, a = initial notch depth, and 𝑤 = self-weight of the specimen unit length 
	Where: 𝛿𝑖 = deflection corresponding to Pi, b = beam width, Pi = arbitrary load level, d = beam depth, l = beam span, a = initial notch depth, and 𝑤 = self-weight of the specimen unit length 

	𝐾𝑚 = 𝜎𝑛√𝑎𝑒𝑌(𝛼) 
	𝐾𝑚 = 𝜎𝑛√𝑎𝑒𝑌(𝛼) 
	(4) 

	Where: ⁄2) 𝑙𝑀 = (𝑃𝑚𝑎𝑥 + 𝑤𝑙⁄4 
	Where: ⁄2) 𝑙𝑀 = (𝑃𝑚𝑎𝑥 + 𝑤𝑙⁄4 
	(5) 

	6𝑀 𝜎𝑛 = ⁄(𝑏𝑑2) ae = effective notch depth 𝑌(𝛼) = correction factor, determined as follows: 
	6𝑀 𝜎𝑛 = ⁄(𝑏𝑑2) ae = effective notch depth 𝑌(𝛼) = correction factor, determined as follows: 
	(6) 

	1.99−𝛼(1−𝛼)(2.15−3.93𝛼+2.70𝛼2)𝑌(𝛼) = (1+2𝛼)(1−𝛼)1.5 
	1.99−𝛼(1−𝛼)(2.15−3.93𝛼+2.70𝛼2)𝑌(𝛼) = (1+2𝛼)(1−𝛼)1.5 
	(7) 

	𝑎𝑒with 𝛼 = .⁄𝑑 
	𝑎𝑒with 𝛼 = .⁄𝑑 

	Lastly, Jtip is determined as follows: 
	Lastly, Jtip is determined as follows: 

	2𝐾𝑚 =𝐽𝑡𝑖𝑝 𝐸𝑚 
	2𝐾𝑚 =𝐽𝑡𝑖𝑝 𝐸𝑚 
	(8) 


	Figure
	(a) (b) Figure 8. (a)Universal testing system configuration (b)Notched-beam sample at test conclusion 
	4.4.6. Flexural Strength Test 
	Four-point bending test, according to ASTM C 1609, was implemented on 101.6 x 101.6 x 355.6 mm specimens to evaluate the flexural performance of the UHP-ECC composites assessed in this research(62). For flexural loading, a span length of 300 mm and a 100 mm center span length were implemented. As shown in Figure 9a, a universal testing system was implemented for the test, using a 0.075 mm/min loading rate. In order to measure the deformation at the middle of the beam sample span, linear displacement sensors
	Figure
	(a) (b) Figure 9. (a)Four-point bending test configuration (b)Beam samples at test conclusion 
	5. ANALYSIS AND FINDINGS 
	5.1. Cementitious Matrices 

	5.1.1. Compressive Strength 
	5.1.1. Compressive Strength 
	Table 9 displays the 28-day compressive strength for the 36 cementitious matrix mixtures considered in the first phase of this study. The 28-day compressive strength of the mixtures ranged from 50.2 to 99.5 MPa. As observed, the highest compressive strength was achieved by mixture M4. Mixture M4 corresponds to a FA/SF ratio of 3/7, a SCMs/C ratio of 4/6, and OS/MS ratio of 
	0. Generally, compressive strength results obtained were significantly higher than that of conventional concrete (i.e., 30 MPa) or high strength concrete (i.e., 55 MPa). However, the target compressive strength threshold of ≥120 MPa, to be considered a UHP-ECC, was not achieved. 
	Table 9. Compressive strength test results at 28 days 
	Mix ID 
	Mix ID 
	Mix ID 
	Average (MPa) 
	SD (MPa) 
	CV (%) 

	M1 
	M1 
	77.8 
	1.5 
	2.0 

	M2 
	M2 
	86.0 
	1.2 
	1.4 

	M3 
	M3 
	89.9 
	3.2 
	3.5 

	M4 
	M4 
	99.5 
	3.3 
	3.3 

	M5 
	M5 
	86.4 
	1.2 
	1.4 

	M6 
	M6 
	94.6 
	2.8 
	2.9 

	M7 
	M7 
	96.9 
	7.7 
	8.0 

	M8 
	M8 
	98.0 
	3.1 
	3.1 

	M9 
	M9 
	88.1 
	1.5 
	1.7 

	M10 
	M10 
	93.8 
	2.4 
	2.6 

	M11 
	M11 
	91.0 
	6.1 
	6.7 

	M12 
	M12 
	97.5 
	3.1 
	3.2 

	M13 
	M13 
	80.0 
	1.9 
	2.3 

	M14 
	M14 
	90.0 
	2.0 
	2.3 

	M15 
	M15 
	88.8 
	3.9 
	4.4 

	M16 
	M16 
	99.5 
	1.1 
	1.1 

	M17 
	M17 
	82.0 
	1.8 
	2.2 

	M18 
	M18 
	89.4 
	1.4 
	1.6 

	M19 
	M19 
	86.7 
	3.3 
	3.8 

	M20 
	M20 
	92.2 
	5.8 
	6.2 

	M21 
	M21 
	77.3 
	1.3 
	1.7 

	M22 
	M22 
	81.6 
	2.4 
	2.9 

	M23 
	M23 
	79.7 
	1.8 
	2.3 

	M24 
	M24 
	90.4 
	0.8 
	0.9 

	M25 
	M25 
	72.1 
	0.9 
	1.2 

	M26 
	M26 
	80.0 
	1.0 
	1.2 

	M27 
	M27 
	87.3 
	0.4 
	0.5 

	M28 
	M28 
	82.1 
	4.2 
	5.1 

	M29 
	M29 
	98.2 
	4.3 
	4.4 

	M30 
	M30 
	73.8 
	4.2 
	5.6 

	M31 
	M31 
	83.9 
	2.5 
	3.0 

	M32 
	M32 
	88.2 
	4.1 
	4.7 

	M33 
	M33 
	50.2 
	3.9 
	7.7 

	M34 
	M34 
	78.0 
	0.9 
	1.1 

	M35 
	M35 
	80.7 
	1.3 
	1.6 

	M36 
	M36 
	81.0 
	4.1 
	5.1 


	Linear regression models were created for each variable explored (i.e., SF/FA, SCMs/C, and OS/MS) to be able to understand their individual impact on the cementitious matrices’ compressive strength. Equations 7, 8, and 9 present the regression models for SF/FA, SCMs/C, and OS/MS, respectively. The coefficient of determination (R) for the regressions presented in equations 7, 8, and 9 were 0.21, 0.25, and 0.04, respectively. 
	2

	𝑆𝐹 
	f’c = 27.92 + 80.40 (9)
	𝐹𝐴 
	𝑆𝐶𝑀𝑠 
	f’c = − 14.40 + 101.12 (10)
	𝐶 
	𝑂𝑆 
	f’c = − 4.58 + 87.94 (11)
	𝑀𝑆 
	The SF/FA model indicated that higher SF/FA ratio values led to higher cementitious matrices’ compressive strength. This can be credited to the fine particle size and high reactivity of SF when compared to FA, which may enhance the microstructure and particle packing density of the cementitious matrix resulting in increases in strength (63). On the other hand, the resulting regression model for the SCMs/C ratio showed a worsening strength as the ratio increased. This can be attributed to the fact that the c
	2 

	A multiple linear regression model was developed to assess the impact of all the variables simultaneously on the cementitious matrices’ compressive strength. The multiple linear regression results showed that the model was statistically significant (p-value <0.0001) and that resulting coefficients for each independent variable were also statistically significant (p-values <0.0001 for SF/FA and SCMs/C, and p-value of 0.0063 for OS/MS). Moreover, the Rwas equal to 0.49, which is considerably greater than that
	2 

	𝑆𝐹 𝑆𝐶𝑀𝑠 𝑂𝑆 
	f’c = 27.92 − 14.40 − 4.58 + 97.64 (12)
	𝐹𝐴 𝐶 𝑀𝑆 
	The multiple linear regression model shows the following trends: (1) SF/FA ratio had the biggest effect on strength, increasing it as the ratio increased; (2) a higher SCMs/C ratio results in worsening of the strength; (3) OS/MS ratio had the least effect on strength development, with a slight negative effect. By using equation 10, the compressive strength of the different mixtures evaluated was calculated (i.e., predicted strength) and compared to those obtained experimentally (i.e., actual strength) as sh
	120 
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	50 
	Predicted Strength (MPa) 
	Figure 10. Actual vs. predicted compressive strength plot 
	Based on the results, it was noticed that cementitious matrices with higher SF/FA ratio and lower SCMs/C ratio should be evaluated to reach compressive strength values ≥120 MPa. In addition, the use of lower W/B ratios may also be necessary to achieve the target strength. Moreover, given the low effect on strength of the OS/MS variable, it was determined that OS can be utilized as the only fine aggregate to reduce the mixture costs and make them more practical. In the following phase this knowledge is imple
	5.2. UHP-ECCs 
	Based on the knowledge obtained from the previous phase of the research, two cementitious matrices were developed to produce the UHP-ECCs. Relative to the cementitious matrices produced in the previous phase, the present cementitious matrices reduced the W/B from 0.24 to 
	0.17. Moreover, a low SCMs/C ratio (i.e., 0.25) was used, which was lower than the lowest level previously evaluated (i.e., 0.67). The sole difference between the two new cementitious matrices developed was the use of two different SF/FA ratios (i.e., 0 and 0.25) to evaluate the effect of moderate SF content and no SF on the properties of the mixtures. The two cementitious matrices were reinforced with UHMW PE fiber at two different vol.% (i.e., 1.5 and 2%), resulting in a total of four UHP-ECC mixtures as 
	5.2.1. Flow Table Test 
	The resulting spread diameters from the flowability test are shown in Table 10. Two clear trends were detected (1) a higher vol.% fiber content resulted in a decrease in flowability, and (2) using SF decreased the flowability of the mix. The decrease in flowability of the mix when using SF was attributed to the high surface area of SF, which increases water demand. 
	Actual Strength (MPa) 
	Figure
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	Table 10. Spread diameter (mm) 
	Table 10. Spread diameter (mm) 
	Table 10. Spread diameter (mm) 

	Mix 
	Mix 
	1 
	2 
	3 
	4 
	Avg. 
	SD 
	CV (%) 
	% Increase 

	FA20SF5-f1.5 
	FA20SF5-f1.5 
	160.69 
	176.74 
	162.05 
	160.36 
	165.0 
	7.9 
	4.8 
	65.0% 

	FA20SF5-f2 
	FA20SF5-f2 
	157.93 
	158.12 
	151.21 
	159.75 
	156.8 
	3.8 
	2.4 
	56.8% 

	FA25-f1.5 
	FA25-f1.5 
	176.24 
	178.62 
	181.73 
	172.22 
	177.2 
	4.0 
	2.3 
	77.2% 

	FA25-f2 
	FA25-f2 
	175.12 
	169.34 
	167.81 
	165.19 
	169.4 
	4.2 
	2.5 
	69.4% 


	5.2.2. Compressive Strength Test 
	Table 11 displays the compressive strength test results of the mixtures assessed in this study. From the results it can be noticed that the minimum compressive strength of 120 MPa was achieved by all mixtures, excluding FASF-f1.5. Furthermore, the highest compressive strength achieved was 
	20
	5

	133.1 MPa, for mixture FA5-f1.5. Intriguingly, the inclusion of SF in the mixtures resulted in a slight worsening of the compressive strength. This could be associated to the reduced workability of mixtures implementing SF, which may have allowed for the incorporation of more air bubbles. This hypothesis is supported by the inferior densities displayed for mixtures using SF as shown in Table 12. Concerning the impact on the compressive strength due to fiber content, there was no obvious trend. Mixtures incl
	2
	-
	value=0.12

	Table 11. Compressive strength test results 
	Table 11. Compressive strength test results 
	Table 11. Compressive strength test results 

	Mix ID 
	Mix ID 
	1 
	2 
	3 
	Avg. 
	SD 
	CV (%) 

	FA20SF5-f1.5 
	FA20SF5-f1.5 
	104.1 
	120.3 
	123.0 
	115.8 
	10.2 
	8.8 

	FA20SF5-f2 
	FA20SF5-f2 
	124.8 
	124.1 
	131.0 
	126.6 
	3.8 
	3.0 

	FA25-f1.5 
	FA25-f1.5 
	129.3 
	135.2 
	134.7 
	133.1 
	3.2 
	2.4 

	FA25-f2 
	FA25-f2 
	138.0 
	131.9 
	117.1 
	129.0 
	10.8 
	8.3 


	Table 12. Hardened density (kg/m3) 
	Table 12. Hardened density (kg/m3) 
	Table 12. Hardened density (kg/m3) 

	Mix ID 
	Mix ID 
	1 
	2 
	3 
	Avg. 
	SD 
	CV (%) 

	FA20SF5-f1.5 
	FA20SF5-f1.5 
	2262.0 
	2246.4 
	2245.7 
	2251.4 
	9.3 
	0.4 

	FA20SF5-f2 
	FA20SF5-f2 
	2263.0 
	2263.4 
	2292.1 
	2272.9 
	16.7 
	0.7 

	FA25-f1.5 
	FA25-f1.5 
	2319.0 
	2312.2 
	2313.1 
	2314.8 
	3.7 
	0.2 

	FA25-f2 
	FA25-f2 
	2353.6 
	2364.9 
	2305.7 
	2341.4 
	31.5 
	1.3 


	5.2.3. Single Crack Tensile Test 
	Using the SCTT results for the two cementitious matrices with 0.5 vol.% UHMW PE fiber, the fiber-bridging relation curves for 1.5 and 2 vol.% fiber contents were calculated and plotted with the help of scaling factors (as shown in Figure 11). A small fiber content (i.e., 0.5% vol.%) was used in the test to prevent multiple-cracking behaviour, which is prone to occur with these materials. Previous research has discussed the implementation of scaling factors in the prediction of 𝜎(𝛿) for different fiber con
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	(a) (b) Figure 11. Fiber-bridging relation curves: (a) FA20SF5-f1.5 (dashed) and FA20SF5-f2 (solid), (b) FA25-f1.5 (dashed) and FA25-f2 (solid) 
	 From the fiber-bridging relationships presented in Figures 11a and 11b, fundamental fiber-bridging properties were determined includingσ, δ, and J'b. These properties are shown in Table 
	0
	0

	13.From the results it can be noticedthat utilizing SF increased σbut decreased δ.This may be associated to an enhancement in the interface frictional bond (τ) between the fiber and the cementitious matrix, as a result of a dense microstructure improved by the fine particle size and reactivity of SF(65–67). Althoughthe use ofSF enhancedσ, due to the marked decrease in δ, J'bdecreased. In turn, the decrease inJ'bis disadvantageous when trying to obtain PSH behavior. Importantly, a higher fiber content result
	0
	0
	0
	0
	0
	0

	Table 13. Fiber bridging properties: σ,δ, and J’b SF-f1.5 
	0
	0
	FA
	20
	5

	SF-f 
	SF-f 
	FA
	20
	5
	2

	-f
	FA
	25
	2

	-f1.5 
	FA
	25


	Properties 
	Properties 
	Avg. 

	SD 
	SD 
	Avg. 

	SD 
	Avg. 
	SD 
	SD 
	Avg. 

	SD 
	(MPa) 
	(MPa) 
	σ
	0

	16.7 

	1.7 
	22.3 
	2.2 
	13.6 
	1.6 
	18.2 
	2.2 (mm) 
	δ
	0

	0.28 
	0.03 
	0.28 
	0.03 
	0.36 
	0.03 
	0.36 
	0.03 b(J/m) 
	J'
	2

	688.9 
	400.7 
	918.5 
	534.3 
	909.4 
	181.0 
	1212.5 
	241.3 
	5.2.4. Fracture Toughness Test 
	The results from the fracture toughness test for both cementitious matrices considered are shown in Table 14. Resulting Jtip values indicate that utilizing SF in the mixture had an apparent worsening effect.In turn,thiswould imply thatin terms of matrix properties, cementitious matrices including SF are more conducive for PSH behaviour.Notwithstanding, at-test conducted at a 5% significance levelrevealed that the difference inaverage Jtipwas not statistically significant (p).As such,further testing is warra
	-
	value=0.86

	 
	Table 14. Matrix crack tip fracture toughness Jtip(J/m2) 
	Table 14. Matrix crack tip fracture toughness Jtip(J/m2) 
	Table 14. Matrix crack tip fracture toughness Jtip(J/m2) 

	Mix ID 
	Mix ID 
	1 
	2 
	3 
	Avg. 
	SD 
	CV (%) 

	FA20SF5 
	FA20SF5 
	39.6 
	43.5 
	25.2 
	36.1 
	9.7 
	26.8 

	FA25 
	FA25 
	73.8 
	90.3 
	23.2 
	62.4 
	35.0 
	56.0 


	5.2.5. Uniaxial Tensile Test 
	From the tensile stress vs. strain curves shown in Figure 12, the tensile strength (σu), matrix cracking strength (σcr), and tensile strain capacity (εu) of the composites were determined and summarized in Table 15. In addition, to better understand the tensile performance of the UHPECC materials, the energy and strength PSH indexes were calculated from the previously attained fiber-bridging and cementitious matrix propertiesσ,J'b,Jtip, and σc, as shown in Table 16.  
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	(a) (b) Figure 12. Tensile stress vs. straincurves: (a) FA20SF5-f1.5 (dashed) and FA20SF5-f2 (solid), (b) FA25-f1.5 (dashed) and FA25-f2 (solid) 
	 
	Table 15. Tensile strength, cracking strength, and tensile strain capacity SF-f1.5 
	FA
	20
	5

	SF-f 
	FA
	20
	5
	2

	-f
	-f
	FA
	25
	2

	-f1.5 
	FA
	25


	Properties 
	Properties 
	Avg. 

	SD 
	Avg. 
	SD 
	SD 
	Avg. 

	SD 
	SD 
	Avg. 

	SD 
	Tensile Strength (MPa) 
	7.74 
	0.64 
	7.68 
	0.98 
	10.33 
	1.04 
	8.79 
	0.38 Tensile Strain Capacity (%) 
	2.52 
	1.44 
	2.17 
	0.65 
	4.33 
	2.43 
	2.34 
	1.08 Cracking Strength (MPa) 
	4.24 
	1.11 
	3.81 
	0.58 
	5.25 
	0.85 
	5.16 
	0.83  
	Table 16. PSH strength and energyindexes Properties 
	SF-f 
	SF-f 
	FA
	20
	5
	2

	-f
	FA
	25
	2

	SF-f1.5 
	FA
	20
	5


	-f1.5 
	FA
	25

	(MPa) 
	(MPa) 
	σ
	0

	16.7 

	22.3 
	13.6 
	18.2 σcr(MPa) 
	4.2 
	3.8 
	5.2 
	5.2 PSH Strength Index 
	3.9 
	5.8 
	2.6 
	3.5 b(J/m) 
	J'
	2

	688.9 
	918.5 
	909.4 
	1212.5 tip(J/m) 
	J
	2

	36.1 
	36.1 
	48.5 
	48.5 PSH Energy Index 
	19.1 
	25.4 
	18.8 
	25.0  From the tensile properties reported in Table 15, it can be observed that all the composites 
	exhibited ECC-like ductility (i.e., >2% tensile strain capacity). Accordingly, the remarkable ductility of thematerialsis supported by the PSH strength and energy indexesobtained,whichfar 
	exhibited ECC-like ductility (i.e., >2% tensile strain capacity). Accordingly, the remarkable ductility of thematerialsis supported by the PSH strength and energy indexesobtained,whichfar 
	exceeded the minimum values desire for robust PSH behavior of 1.3 and 2.7, respectively (see Figure 13). Furthermore, the following tendencies were observed: (1) the use of SF had a negative effect in the tensile strength and strain capacity of the composites; and (2) incrementing the vol.% fiber content produced no meaningful effect or a negative impact in the tensile strength and strain capacity of the materials. From the fiber-bridging capacities reported in Table 16, it is predicted that both the use of
	0 


	An ANOVA (at 5% significance level) was conducted to examine the statistical significance of the findings. From the ANOVA, statistically significant differences were encountered in the average tensile strength (p-value<0.0001) and matrix first-cracking strength (p-value=0.022) of the composites. Nonetheless, the differences in average tensile strain capacity of the UHP-ECCs were not statistically significant (p-value=0.087), thus warranting further evaluation to confirm tendencies observed in tensile ductil
	25
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	25
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	Figure 13. PSH indexes and corresponding tensile strain capacities of the composites 
	It is important to point out that mixture FA-f1.5, which used readily available components and a relatively low fiber content (1.5%), presented remarkable compressive strength (133.1 MPa), tensile strength (10.3 MPa), and tensile strain capacity (4.3%). Importantly, SF and MS were not used in mixture FA-f1.5. This is significant as these ingredients are seldom left out in the production of UHP-ECC and contribute to a significant increment in price, loss of workability and reduced practicality of the composi
	25
	25

	5.2.6. Flexural Performance Test 
	The flexural performance results for all UHP-ECC mixtures considered are shown in Table 17. Figure 14 shows the flexural tensile stress vs. deflection curves. It can be observed that all mixtures assessed displayed deflection hardening behavior after reaching the first-cracking strength. This behavior was foreseen since flexural performance of concrete composites is governed by its tensile performance. Thus, the previously discussed tensile behavior could be seen reflected on the flexural performance of the
	p-value=0.56
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	value=0.12
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	Figure 14. Flexural tensile stress vs. deflectioncurves: (a) FA20SF5-f1.5 (dashed) and FA20SF5-f2 (solid), (b) FA25-f1.5 (dashed) and FA25-f2 (solid) 
	Figure 14. Flexural tensile stress vs. deflectioncurves: (a) FA20SF5-f1.5 (dashed) and FA20SF5-f2 (solid), (b) FA25-f1.5 (dashed) and FA25-f2 (solid) 


	 
	Table 17. Flexural performance properties: first cracking strength, flexural strength, and deflection capacity SF-f1.5 
	FA
	20
	5

	SF-f 
	SF-f 
	FA
	20
	5
	2

	-f
	FA
	25
	2

	-f1.5 
	FA
	25


	Properties 
	Properties 
	Average 
	SD 
	Average 
	SD 
	Average 
	SD 
	Average 
	SD 

	First-Cracking Strength(MPa) 
	12.94 
	0.80 
	14.00 
	2.02 
	14.43 
	1.06 
	14.12 
	1.03 Flexural Strength(MPa) 
	21.26 
	0.40 
	20.85 
	2.52 
	21.44 
	0.85 
	24.36 
	3.62 Deflection Capacity (mm) 
	1.15 
	0.69 
	0.71 
	0.33 
	0.87 
	0.14 
	2.67 
	1.77  
	5.2.7. Crack Analysis 
	Table 18 displays the average crack width and average number of cracks obtained from the dumbbell specimens after the uniaxial tensile test. As can be observed from Table 18, the average crack width for the specimens was in the range of 61μm to 131 μm, while the average number of cracks ranged from 18.2 to 31.0. The averagecrack widths obtained are well withinthe range of 50 μm to 180 μm mentioned in the literature for UHP-ECCs. Also, Table 18 shows that the implementation of SF in the mixtures resulted in 
	Table 18. Crack analysis: average crack width and average number of cracks SF-f1.5 
	FA
	20
	5

	SF-f 
	SF-f 
	FA
	20
	5
	2

	-f
	FA
	25
	2

	-f1.5 
	FA
	25


	Properties 
	Properties 
	Average 
	SD 
	Average 
	SD 
	Average 

	SD 
	Average 
	SD 
	Average Crack Width (μm) 
	110.1 
	29.1 
	131.0 
	17.0 
	115.3 
	16.8 
	61.5 
	12.6 Average Number of Cracks 
	18.2 
	6.7 
	23.8 
	8.6 
	31.0 
	10.0 
	26.0 
	7.0    
	6. CONCLUSIONS 
	The aim of this research study was to produce novel UHP-ECC materials utilizing readily available ingredients for the construction and repair of transportation infrastructure in Region 6. The first phase of the study focused on the evaluation of the effect of ingredient selection and mixture proportioning on the cementitious matrices’ mechanical strength for the production of UHP-ECCs. Variables evaluated included the mass ratios of SF/FA, SCMs/C, and OS/MS. Subsequently, the second phase of the study adopt
	• 
	• 
	• 
	• 
	The mass ratio of SF/FA had the most relevant effect on the cementitious matrices’ compressive strength, followed by the SCMs/C ratio, and finally the OS/MS ratio. Furthermore, generally, the effects of the SF/FA, SCMs/C, and OS/MS ratios on the matrices’ compressive strength were as follows: (1) increments in SF/FA produced improvements in strength, (2) increments in SCMs/C produce decrements in strength, and 

	(3) increments in the OS/MS produced slight decrements in strength. A multiple linear regression model was developed to predict the compressive strength of cementitious matrices from the variables evaluated. 

	• 
	• 
	The incorporation of SF produced a decrease in workability of the fresh UHP-ECC mixtures. Furthermore, augmenting fiber content from 1.5 to 2 vol.% did also worsen the workability of the UHP-ECCs. Fiber clumps were detected by visual inspection and touch on mixtures implementing 2 vol.% fiber content. 

	• 
	• 
	Excepting mixture FASF-f1.5, all the composites produced presented compressive strengths greater than 120 MPa. Moreover, the compressive strength of the composites ranged from 115.8 to 133.1 MPa. While augmenting fiber content from 1.5 to 2 vol.% did not produce any obvious trend in the compressive strength, the implementation of SF in the composites produced an apparent decrease in strength. The decrease in strength with SF was accompanied by the decrease in hardened density, which was attributed to the in
	20
	5


	• 
	• 
	• 
	The incorporation of SF increased σ, yet it decreased δleading to a decrease of J'b. In turn, in terms of fiber-bridging properties the use of SF is not advantageous to promote the PSH behavior of the composites; however, it is conducive to increasing the tensile strength. In the case of matrix properties, the use of SF produced an apparent decrease in Jtip, which is beneficial for PSH response; nonetheless, the difference was not statistically significant. PSH indexes computed from matrix and fiber-bridgin
	0
	0 


	from the 0.5 vol.% curves experimentally determined. PSH indexes computed for 1.5 and 2 vol.% far exceeded the minimum recommended values for robust PSH behavior. 

	• 
	• 
	All the composites produced presented ECC-like ductility (i.e., >2% tensile strain capacity) as predicted by the PSH indexes. Furthermore, the implementation of SF and augmenting the fiber content generally produced adverse impacts in the tensile strength and strain capacity of the composites. Notwithstanding, the tensile strain capacity differences were not statistically significant. While the tendencies observed contradicted the expected composite response, the observed results were attributed to a worsen

	• 
	• 
	Flexural performance test results revealed a deflection hardening response for all the composites developed. Furthermore, similar tendencies as those observed in the uniaxial tensile test results in terms of strength and ductility were observed. Nonetheless, no statistically significant differences were encountered for the flexural properties. Flexural strength of the composites ranged from 20.9 to 24.4 MPa, which is approximately 4 to 5 times that of conventional concrete. 

	• 
	• 
	The average crack width for all materials was in the range of 61 μm to 131 μm, while the average number of cracks ranged from 18.2 to 31.0. Implementation of SF in the mixtures resulted in a smaller number of cracks, which concurs with the attained tensile strain capacity from the uniaxial tensile test. 


	As shown in Table 20 below, from the experimental results, the development of UHP-ECCs utilizing readily available ingredients was successfully achieved. Specifically, mixtures FA-f1.5, FA-f, and FASF-fmet the necessary requirements to classify as UHP-ECCs, i.e., simultaneously achieving ultra-high compressive strength (>120 MPa) and high tensile ductility (tensile strain capacity >2%). Importantly, mixture FA-f1.5, which did not incorporate SF and used relatively low fiber content, displayed a compressive 
	25
	25
	2
	20
	5
	2 
	25

	Table 20. Properties of UHP-ECCs (standard deviation presented in brackets) 
	Table 20. Properties of UHP-ECCs (standard deviation presented in brackets) 
	Table 20. Properties of UHP-ECCs (standard deviation presented in brackets) 

	Mixture ID 
	Mixture ID 
	′ 𝒇𝒄 (MPa)a 
	MOR (MPa)b 
	𝝈𝒄𝒓 (MPa)c 
	𝝈𝒖 (MPa)d 
	𝜺𝒖 (%)e 

	FA20SF5-f1.5 
	FA20SF5-f1.5 
	115.8 [10.2] 
	21.3 [0.4] 
	4.2 [1.1] 
	7.7 [0.6] 
	2.5 [1.4] 

	FA20SF5-f2 
	FA20SF5-f2 
	126.6 [3.8] 
	20.9 [2.5] 
	3.8 [0.6] 
	7.7 [1.0] 
	2.2 [0.7] 

	FA25-f1.5 
	FA25-f1.5 
	133.1 [3.2] 
	21.4 [0.9] 
	5.3 [0.9] 
	10.3 [1.0] 
	4.3 [2.4] 

	FA25-f2 
	FA25-f2 
	129.0 [10.8] 
	24.4 [3.6] 
	5.2 [0.8] 
	8.8 [0.4] 
	2.3 [1.1] 


	Compressive strength; modulus of rupture (i.e., flexural strength); matrix cracking strength; tensile strength; tensile strain capacity 
	a 
	b 
	c 
	d 
	e 
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