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EXECUTIVE SUMMARY

Ultra-high performance concrete (UHPC) is an emerging cementitious material with remarkable
mechanical and durability properties. Exceptional mechanical and durability properties of UHPC
include 28-day compression strengths greater than 17,000 psi (120 MPa), high modulus of rupture
(MOR) and peak strength (ultimate strength), low susceptibility to shrinkage, and excellent
resistance to both frost damage and chloride ion penetration. These exceptional properties of
UHPC can be attributed to: 1) its high cementitious materials content that includes supplementary
cementitious materials (SCMs) such as silica fume and class F fly ash, 2) its very low water to
cementitious materials ratio (w/cm), and 3) its high density. Dense microstructure of UHPC is
achieved through careful selection of constituent materials to ensure an optimized gradation and
maximized particle-packing density as well as detailed preparation methods to properly mix and
cure UHPC.

While silica fume is a very reactive SCM that also improves particle-packing density, it is
substantially more expensive than other SCMs because it needs to be shipped long distances for
use in North America. In the last two decades, inexpensive class F fly ash has been used in UHPC
to replace silica fume and produce sustainable UHPC. Unfortunately, class F fly ash is becoming
difficult to procure and its future availability is uncertain because of changes in the energy industry.
Coal-fired power plants have been taken offline or been refitted to gas-fired plants as the energy
industry has invested in renewable energy production. The cost of silica fume and the lack of
availability of fly ash are driving the need for cost effective and environmentally-friendly
alternatives for silica fume and fly ash. Potential SCMs that may be suitable substitutes for fly ash
and silica fume in UHPC mixtures include natural pozzolan (pumicite), metakaolin, and ground
granulated blast-furnace slag (GGBFS).

This study is aimed at investigating non-proprietary UHPC mixtures produced by replacing a broad
range of portland cement, fly ash, and silica fume with three sustainable SCMs. The three SCMs
used in this study included locally available natural pozzolan, metakaolin, and a GGBFS obtained
from Michigan, USA. Slump and slump flow tests were conducted for all mixtures to identify
mixtures with acceptable workability. Mechanical properties of acceptable mixtures were then
evaluated using compression and flexural tests to identify mixtures that met the minimum 28-day
compressive strength requirement of 17,000 psi (120 MPa) for UHPC. It should be noted that cube
specimens (instead of cylindrical specimens) were used for compression tests because cubes do
not require end preparation (grinding). After identification of acceptable UHPC mixtures,
shrinkage was evaluated for up to 56 days (28 days moist curing and 28 days air curing) by
monitoring length changes of UHPC specimens. Frost resistance of the UHPC mixtures was also
assessed for UHPC specimens exposed to 300 cycles of freezing and thawing. Finally, chloride
ion permeability of UHPC mixtures was investigated by conducting rapid chloride permeability
tests (RCPTSs) and surface resistivity tests on 56-day UHPC specimens.

Workability tests results were consistent enough to achieve acceptable slump and slump flow
values for individual mixtures in no more than two attempts and only 27 trials were produced to
identify 16 acceptable mixtures in terms of workability.

Compressive strength tests conducted on the 16 mixtures were then used to identify 13 mixtures
that met the minimum 28-day compressive strength (17,000 psi [120 MPa]) requirement for
UHPC. The three mixtures that did not qualify as UHPC were mixtures that replaced 100% of fly
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ash with pumicite, used metakaolin to replace 25% of silica fume and 100% of fly ash, and replaced
10% portland cement, 100% of fly ash, and 10% of silica fume with GGBFS and metakaolin.
Although these three mixtures did not meet the 28-day compressive strength requirement, they
were able to achieve 56-day compressive strengths that exceeded 20,020 psi (138 MPa), which
should be suitable for many UHPC applications. This observation indicates that a more liberal
definition of UHPC could capture the longer-term benefits provided by SCMs such as pumicite,
metakaolin, or GGBFS.

Results from compression tests indicate that replacing fly ash or silica fume with any of the SCMs
used in this study decreased the seven-, 28-, and 56-day compressive strengths, regardless of the
amount of replacement. However, all mixtures had 56-day compressive strengths greater than
20,000 psi (137.9 MPa) indicating that long-term benefits of these mixtures are probably worth
evaluating. Additionally, reductions in 56-day compressive strengths caused by replacing fly ash
(but not silica fume) with alternative SCMs were of less magnitude than reductions at seven and
28 days. The fact that the pumicite, metakaolin, and GGBFS mixtures had comparable 56-day
compressive strengths to that of the control mixture, after having lower seven- and 28-day
strengths than the control mixture, indicates that the reactions of the alternative SCMs had finally
progressed to the point that they were essentially equivalent to the fly ash reaction at 56 days.

Flexural tests showed that all mixtures using pumicite, metakaolin, or GGBFS to replace fly ash
(but not silica fume) had first peak (modulus of rupture [MOR]) and peak strength (ultimate
strength) values greater than 2685 psi (18.50 MPa) and 2800 psi (19.30 MPa), respectively, which
were comparable to those for the control mixture. The greatest MOR (2995 psi [20.65 MPa]) and
peak strength (3230 psi [22.25 MPa]) were obtained when 100% of the fly ash was replaced with
50% pumicite and 50% metakaolin. The residual strengths (feoo and fiso) presented similar trends
to those for MOR and peak strength. The flexural tests also revealed that mixtures that replaced
silica fume with alternative SCMs (after replacing 100% of the fly ash) had a significant reduction
in MOR and peak strength. However, these values were still greater than 2000 psi (13.80 MPa)
and may be considered acceptable UHPC flexural strengths. Note that these relatively large
reductions in MOR and peak strength should be considered when attempting to replace silica fume
in UHPC mixture proportions.

Total shrinkage values at 56 days for all of the UHPC mixtures were less than 406 pstrain, which
is below the 500 ustrain maximum limit used by many state departments of transportation. It was
observed that shrinkage decreased as pumicite or metakaolin content increased or GGBFS content
decreased. It was also observed that replacing 40% of the fly ash with GGBFS produced the
greatest shrinkage while replacing 100% of the fly ash with 50% pumicite and 50% metakaolin
produced the least shrinkage. This can be attributed to GGBFS being more angular and slightly
larger than the spherical fly ash particles, which can lead to less refinement of the capillary pores.
However, since pumicite and metakaolin particles are much smaller than fly ash particles, a
combination of the two can cause greater refinement of the capillary pores that reduces drying
shrinkage by obstructing evaporation of capillary water. Another mechanism to reduce shrinkage
is the slow reactivity of the pumicite that can delay shrinkage until the skeletal structure has formed
and helps restrain shrinkage.

Freezing and thawing tests showed that all UHPC mixtures had durability factor (DF) values
between 105 and 109, indicating that UHPC mixtures were extremely resistant to degradation
caused by freezing and thawing cycles, regardless of SCM type. The results also showed that
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relative dynamic modulus (RDM) values for all UHPC mixtures were comparable and replacing
fly ash or silica fume with any of the alternative SCMs used in this study, or a combination of
these SCMs, did not significantly change the RDM and DF values. The results also showed that
RDM values increased slightly during the freezing and thawing cycles which can be attributed to
specimens containing un-hydrated cementitious materials that were able to react throughout the
duration of the test causing an increase in dynamic modulus. These results show that pumicite,
metakaolin, and GGBFS all appear to be suitable replacements for fly ash and silica fume in terms
of frost resistance

The 56-day RCPT results showed that all UHPC mixtures produced in this study were categorized
as having “very low” chloride ion penetration (total charge passed of between 109 and 165
coulombs). Replacing fly ash with any of the alternative SCMs in this study decreased total charge
passed (chloride ion permeability). However, replacing silica fume with pumicite or metakaolin
increased chloride ion penetration, most likely due to the pumicite and metakaolin particles being
larger than silica fume particles and producing less refined capillary pores.

Surface resistivity tests were performed at 56 days to be consistent with 56-day RCPTs. The
surface resistivity values for all UHPC mixtures ranged between 15.2 kQ-in (386 kQ2-mm) and
23.7 kQ-in (603 kQ-mm), indicating that the chloride ion penetration for all of the UHPC mixtures
was “very low.” Similar to the RCPT results, replacing fly ash with any of the alternative SCMs
improved chloride ion permeability (increased surface resistivity) and the greatest improvement in
chloride ion permeability occurred when all of the fly ash was replaced with metakaolin (surface
resistivity value of 23.7 kQ-in [603 kQ-mm]). However, replacing silica fume with pumicite or
metakaolin increased chloride ion penetration, which is also consistent with the RCPT results.
Increasing chloride ion penetration with decreasing silica fume content is again attributed to the
larger pumicite and metakaolin particles (than silica fume) producing less refined capillary pores.

It is concluded that natural pozzolan (pumicite), metakaolin, and GGBFS can be promising
alternatives for fly ash and silica fume in UHPC mixtures. Pumicite was able to replace up to 75%
of the fly ash and metakaolin was able to replace up to 100% of the fly ash and 25% of the silica
fume while producing 28-day compressive strengths greater than 17,000 psi (120 MPa).
Additionally, replacing fly ash and silica fume with alternative SCMs, regardless of the SCM type
and amount, produced low susceptibility to shrinkage and excellent resistance to both frost damage
and chloride ion penetration.
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1. INTRODUCTION

Ultra-high performance concrete (UHPC) is an emerging type of concrete material with
exceptional mechanical and durability properties. According to ASTM C1856 (1), UHPC must
have a minimum 28-day compressive strength of 17,000 psi (120 MPa). To reach to this strength,
UHPC requires high contents of cementitious materials because it contains no coarse aggregates
and has a very low water to cementitious materials ratio (w/cm). Additionally, high contents of
supplementary cementitious materials (SCMs) including silica fume and class F fly ash (10-30%
of the cementitious materials mass) are used in UHPC to improve density, mechanical, and
durability properties. However, silica fume is expensive compared to other cementitious materials
because it needs to be shipped long distances for use in North America (2). Additionally, the future
availability of class F fly ash in North America is uncertain because of changes in the energy
industry. Coal-fired power plants have been taken offline or been refitted to gas-fired plants as the
energy industry has invested in renewable energy production. The cost of silica fume and the lack
of availability of fly ash are driving the need for cost effective and environmentally-friendly
alternatives for silica fume and fly ash. Potential SCMs that may be suitable substitutes for fly ash
and silica fume in UHPC mixtures include natural pozzolan (pumicite), metakaolin, and ground
granulated blast-furnace slag (GGBFS).

This research aimed to investigate the possibility of using three SCMs including a natural
pozzolan, metakaolin, and GGBFS as potential alternatives for portland cement, fly ash, and silica
fume to be included in non-propriety UHPC proportions. First of all, the effects of replacing
portland cement, fly ash, and silica fume with a natural pozzolan, metakaolin, and GGBFS on
workability, compressive and flexural strengths of sixteen mixtures were assessed to identify
acceptable UHPC mixtures. After identifying acceptable UHPC mixtures, durability
characteristics including shrinkage, frost resistance, and chloride ion permeability (rapid chloride
permeability and surface resistivity tests) were investigated.



2. OBJECTIVES

The overall objective of this study was to assess the ability of a natural pozzolan (pumicite),
metakaolin, and GGBFS to replace portland cement, fly ash, and silica fume in UHPC mixtures.
The evaluation was initiated by testing workability, compressive, and flexural strength of mixtures
containing a broad range of pumicite, metakaolin, GGBFS, and combinations of these SCMs to
identify acceptable UHPC mixtures.

Once cementitious materials combinations were identified that would provide acceptable UHPC
properties, the next objective was to assess how pumicite, metakaolin, and GGBFS affected
mechanical and durability properties of UHPC. UHPC mixtures were developed with a broad
range of pumicite, metakaolin, GGBFS, fly ash, and silica fume contents. The UHPC mixtures
were evaluated for strength and durability properties. Durability related tests that were conducted
included shrinkage, frost resistance, rapid chloride permeability, and surface resistivity tests.



3. LITERATURE REVIEW

This chapter provides a literature review for UHPC, SCMs such as fly ash, silica fume, natural
pozzolans, metakaolin, and GGBFS that may affect UHPC performance, and durability issues such
as shrinkage, freezing and thawing, and corrosion of reinforcing steel as well as a review of UHPC
durability testing methods. Durability properties addressed in this work include shrinkage and frost
resistance that may indicate susceptibility to cracking that would facilitate ingress of moisture and
harmful chemical compounds as well as rapid chloride permeability and surface resistivity that are
indicators of corrosion susceptibility for reinforcing steel.

3.1. Ultra-High Performance Concrete

UHPC, a modern type of cementitious materials with exceptional mechanical and durability
properties, became commercially available in the US in 2000 (3). That version of UHPC consisted
of portland cement, ground quartz, fine sand, silica fume, an accelerating admixture, a high-range
water reducing admixture (HRWRA), and 2% by volume of steel fibers (4). According to ASTM
C1856 (1), UHPC must have a 28-day compressive strength greater than 17,000 psi (120 MPa).
To identify suitable UHPC mixtures, many researchers have investigated various UHPC mixture
proportions, the effects of using various fibers in UHPC, and rheological properties of fresh UHPC
(5, 6). Transportation agencies have reported compressive strengths greater than 21,700 psi (150
MPa) and sustained post-cracking tensile strengths greater than 720 psi (5 MPa) for some UHPC
products (3).

3.1.1. Properties of Ultra-High Performance Concrete

UHPC’s unique properties provide the potential to significantly increase the service life and
durability of new and existing concrete structures. UHPC properties are achieved through careful
selection of its constituent materials to ensure optimized gradation and maximized packing density,
as well as detailed preparation methods to properly mix and cure UHPC (7).

UHPC’s exceptional mechanical properties include 28-day compressive strength greater than
17,000 psi (120 MPa), high flexural strength, high ductility when fiber reinforced, and substantial
energy absorption (1, 8, 9). More importantly, UHPC has excellent durability properties such as
low porosity, high microstructure density, a discontinuous pore structure that reduces liquid
ingress, resistance to chemical and physical attacks, low chloride ion permeability, resistance to
frost damage, negligible alkali-silica reaction (ASR), and excellent abrasion resistance (6, 8-12).
In cases where UHPC is used as a repair material, it has been shown to exhibit excellent adhesive
strength for a broad range of surface roughness (4).

It should be noted that long-term properties of UHPC may be influenced by casting procedures
since the dispersion and orientation of the fiber reinforcement is greatly influenced by placement
methods. Some placement methods cause the fibers to show a preference for aligning in the
direction of flow during casting. The ability of the fibers to remain in suspension is dependent on
the rheology of the concrete. Consequently, an optimized gradation of granular materials should
be targeted (3).

3.1.2. Development of Ultra-High Performance Concrete

In the 1990s, Richard and Cheyrezy (9) used ultra-fine and highly reactive components with
thermal treatment to develop reactive powder concretes (RPC) with excellent workability. RPC is
a major milestone in the development of UHPC. RPC mixtures evolved into what is now UHPC
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that use high contents of cementitious materials, very low w/cm, silica fume, fine quartz powder,
quartz sand, HRWRA and steel fibers (9, 13, 14). Coarse aggregates were eliminated to increase
homogeneity. The compressive strength of RPC ranged from 29,000 psi (200 MPa) to 116,000 psi
(800 MPa) (9). In the late 1990s, the first UHPC developed through RPC technology was
commercialized under the name Ductal® (15, 16).

UHPC development has progressed rapidly since 2000, leading to sustainable, inexpensive non-
proprietary UHPC with remarkable mechanical and durability properties. Despite successful
implementation of proprietary UHPC in new structures, widespread adoption has been slow due
to the high cost of the materials and production (17). Use of local materials in non-proprietary
UHPC mixtures provides an opportunity to produce economical and sustainable alternatives to
proprietary products. Previous UHPC research at New Mexico State University has shown that
UHPC produced with locally available materials and SCMs, such as silica fume and class F fly
ash, exhibit comparable mechanical and durability properties to proprietary UHPC mixtures (7,
10, 18). Incorporation of locally available materials can reduce materials cost up to 70% compared
to proprietary UHPC (19, 20). Researchers have also investigated the possibility of using different
SCMs in UHPC to replace portland cement and sustainably reduce portland cement consumption
as well as to replace SCMs that are either costly or difficult to obtain (21, 22).

3.1.3. Applications of Ultra-High Performance Concrete

For the past two decades, UHPC has garnered interest in many countries with a broad range of
applications including building components, bridges, architectural features, repair and
rehabilitation, vertical components such as windmills towers and utilities towers, oil and gas
industry applications, off-shore structures, and hydraulic structures. Among these applications,
road and bridge construction have been the most popular. Using UHPC for bridges and bridge
components has been implemented in Australia, Austria, Canada, China, the Czech Republic,
France, Germany, Italy, Japan, Malaysia, the Netherlands, New Zealand, Slovenia, South Korea,
Switzerland, and the United States (15, 23).

In 1997, the first RPC structure in the world was constructed, a pedestrian bridge in Sherbrooke,
Canada (24, 25). Elsewhere, Malaysia started studying UHPC in 2006 and built its first UHPC
bridge in 2010. To date, more than 100 UHPC bridges have been constructed in Malaysia (23, 26).
In France, many bridges, facades, and slabs have been constructed with UHPC (26). In
Switzerland, UHPC has been mostly used for in-situ repair or strengthening of existing structures
(27). UHPC bridges have also been built in the Netherlands and Spain (28-30).

In the United States, UHPC has seen growing applications in repair and construction of highway
infrastructure to extend service life (31). UHPC has been used in simple-span pre-stressed concrete
girder bridges where the tensile strength was utilized to allow elimination of mild steel shear
reinforcement. UHPC has also been used in a deck bulb-double-tee girders to produce desirable
rheological behavior and accelerate construction (3). The Mars Hill Bridge in Wapello Country,
lowa was the first UHPC road bridge constructed in the US in 2006 (32) and the first US usage of
UHPC as a bridge deck overlay was completed in 2016 on a reinforced concrete slab bridge located
in Brandon, lowa (33).

Over the past few years in the United States, the Federal Highway Administration (FHWA) has
adopted UHPC as a grouting material for connections between bridge components (4). In 2009,
UHPC was used to create deck-level connections between precast concrete elements for a bridge
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in the state of New York. In one case, UHPC was used in transverse connections between precast
deck panels. In another case, it was used in longitudinal connections between the top flanges of
deck bulb-tee girders (3).

UHPC has also been investigated for other applications such as precast concrete piles, seismic
retrofit of bridge substructures, thin bonded overlays, and security and blast mitigation applications
(34).

3.2. Supplementary Cementitious Materials in UHPC

Although ASR is unlikely to occur in UHPC, SCMs have been used in UHPC to mitigate other
durability problems such as chloride penetration, freezing and thawing, and sulfate attack. In many
cases, the SCMs have also been shown to improve mechanical properties of UHPC. Silica fume
and fly ash are two of the most commonly used SCMs in UHPC. Other SCMs, such as natural
pozzolans, metakaolin, and GGBFS have also been used to improve mechanical and durability
properties of UHPC.

3.2.1. Silica Fume

Silica fume is a byproduct obtained from the production of silicon alloys. Silica fume consists
primarily of fine (less than 0.00004 in. [1 uml]) silica (SiO2) particles and is highly pozzolanic
(35). The silica fume fills voids in the next larger granular class (cement) and produces secondary
calcium silicate hydrate (CSH) through pozzolanic reactions (9, 36). The fineness of silica fume
particles can cause an increase in water demand and require additional admixtures to maintain
workability without increasing the w/cm. Because of its fine particles, silica fume can increase the
density of concrete as well as greatly improve strength and impermeability of concrete (37).
Unfortunately, silica fume is substantially more expensive than other SCMs in North America (2).

3.2.2. Fly Ash

Fly ash is the most commonly used SCM in concrete and has been used since the 1930s. It is a
byproduct of coal combustion produced from power plants. There are two classifications of fly
ash, Class F and Class C fly ash, that are generally composed of varying amounts of calcium oxide
(Ca0), Na20, K>0, magnesium oxide (MgO), sulfur trioxide (SOs), SiO2, aluminum trioxide
(Al203), and iron oxide (Fe203) (37, 38). The chemical composition determines the ability of a fly
ash to improve durability of UHPC. According to ASTM C 618 (1), class C and class F fly ashes
contain a minimum of 50 and 70% for the combination of SiO2, Al.O3z, and Fe203, respectively. It
has been shown that UHPCs with comparable durability properties and strength greater than
21,800 psi (150 MPa) can be produced with up to 70% replacement of cement with class F fly ash,
without employing any special curing or fibers (39).

3.2.3. Pumicite and Other Natural Pozzolans

Natural pozzolans are raw or calcined natural materials with pozzolanic properties. Pozzolans are
a diverse class of siliceous or siliceous and aluminous materials that possess little or no
cementitious ability when used alone, but are capable of producing cementitious properties when
reacting with calcium hydroxide in the presence of water at normal temperatures that can greatly
improve concrete durability and performance (40-43). Pumicite is amorphous and produced by
the release of gases during the solidification of lava. Its cellular structure contains bubbles or air
voids that result from gases being trapped in the molten lava during rapid cooling. Although these
voids are elongated and parallel to one another, they are sometimes interconnected (44).



Using natural pozzolan as a SCM can reduce the heat of hydration and improves durability
properties including resistance to sulfate attack and ASR (45). Ahmad et al. (46) showed that
partially replacing cement and silica fume with a natural pozzolan did not substantially affect
workability and mechanical properties of UHPC mixtures, however, it did result in very low to
negligible chloride ion permeability and less than 500 pstrain drying shrinkage.

Saridemir (47), reported that 25% pumicite addition to high strength concrete reduced 28-day
compressive strength and modulus of elasticity. Other research has shown that 10% pumicite
contributed significantly to microstructural density in high strength concrete, improved 180-day
compressive and indirect tensile strengths, improved resistance to chloride ion penetration, and
reduced 90-day water absorption (48). Research has also shown that addition of pumicite powder
to concrete reduces slump. Kabay et al. (49) observed that replacement of cement with pumicite
powder, fly ash, and blends of pumicite and fly ash produced concrete with lower water absorption,
sorptivity, void content, and lower early-age compressive and splitting tensile strengths.

Adding more, or coarser, pumicite to concrete may also reduce compressive strength and heat of
hydration while increasing water demand and setting time as well as improving sulfate and ASR
durability characteristics (50, 51). Liu et al. (52) reported that using pumicite without stimulating
additives, such as sodium silicate and potassium fluoride, had low pozzolanic activity. In other
research, mixtures containing fly ash, pumicite, or both had less 91-day compressive strength but
more rapid strength development beyond 28 days than ordinary concrete (53). Additionally, self-
compacting concrete produced with pumicite demonstrated good workability and achieved greater
compressive strength at 120 days compared to mixtures without pumicite (54). Pumicite has also
been shown to produce acceptable resistance to freezing and thawing when used to replace up to
20% of the cement in concrete mixtures. However, 30% Pumicite decreased frost resistance
significantly, as measured by durability factor (DF) (55).

3.2.4. Metakaolin

Metakaolin is an inexpensive SCM produced by calcination of kaolin. Metakaolin consists of silica
and alumina that react with calcium hydroxide at room temperature and form CSH gel which
increases the density of concrete and reduces porosity. Since metakaolin is manufactured, its
production can be tightly controlled to produce a consistent, highly reactive SCM.

It has been found that using metakaolin with cement and fly ash in UHPC can lead to less drying
shrinkage compared to when cement and silica fume are used in UHPC (56). Metakaolin and silica
fume have been found to be similar in terms of strength development and durability, showing that
metakaolin has the potential to replace silica fume (57). Compressive and flexural strengths of
UHPC did not substantially change when all of the silica fume (25% of the cement) was replaced
with metakaolin (58). However, increases in compressive and flexural strengths were observed
when replacing 10-15% of cement with metakaolin (59).

Tafraoui et al. (60) reported that inclusion of metakaolin in UHPC mixtures to replace silica fume
resulted in acceptable durability properties. It has been also found that using metakaolin decreases
chloride permeability of UHPC (61). Rangaraju and Li (62) reported that workability, time of set,
and drying shrinkage decreased with increasing metakaolin content in UHPC. Additionally, using
metakaolin in UHPC reduced the diffusion coefficient due to its high specific surface area and
extremely fine particles (63). Ternary UHPC mixtures containing metakaolin, fly ash, and cement
have been shown to have comparable performance with those containing only silica fume (62).
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3.2.5. GGBFS

GGBFS, a by-product of extracting iron from iron ore in a blast-furnace, has been used for many
years in concrete production. GGBFS is highly cementitious and is known as a suitable alternative
for cement, fly ash, and silica fume in UHPC to improve durability properties (64). Slag is typically
composed of Ca0, SiO2, Al,O3, and MgO, along with some other oxides in small quantities. It has
a glassy structure and produces CSH as a hydration product (37). When portland cement is
hydrated it produces CSH and calcium hydroxide (Ca(OH)2), the Ca(OH). reacts with the GGBFS
and causes a chemical reaction that breaks down the chemical composition of the GGBFS and
separates it into a calcium rich phase and a silica rich phase. The phases then react with water to
form CSH. A 50% cement replacement minimum is usually needed to effectively mitigate
durability issues such as ASR (37) in normal concrete. A higher cement replacement is needed,
compared to fly ash, due to its chemical composition and specific chemical reactions. GGBFS is a
slow reacting SCM that can require additional curing time and lead to scaling susceptibility.

Researchers have suggested that up to 35% of the cement can be replaced with GGBFS without
significantly decreasing compressive strength (64, 65). Additionally, it has been found that using
GGBFS in combination with silica fume improves flowability (66). GGBFS is generally expected
to increase autogenous shrinkage (67). Researchers have also shown that replacing 50% of the
cement with GGBFS can produce 28-day compressive strengths comparable to an UHPC control
mixture (greater than 21,800 psi [150 MPa]) although it can increase drying shrinkage in the first
24 hours, long-term autogenous shrinkage, and flowability (68—-70). Additionally, replacing 100%
of the silica fume (by volume) with GGBFS in UHPC has been shown to decrease autogenous
shrinkage without significantly changing the compressive strength (71).

3.3. Durability Issues

3.3.1. Shrinkage

Shrinkage is the contraction of concrete volume due to the hydration reaction (chemical
shrinkage), moisture loss to evaporation and hydration (drying shrinkage and self-desiccation),
and decreasing temperature (thermal shrinkage). In this work, shrinkage is considered to occur in
two stages: early-age shrinkage that occurs within the first 24 hours and long-term shrinkage that
occurs after an age of 24 hours.

Early-age shrinkage consists of three phases: the liquid, skeletal structure, and hardening phases
(72). The liquid phase commences as soon as the cementitious materials come into contact with
water. During this phase, the concrete has no solid structure and cannot sustain stresses.
Consequently, shrinkage in the liquid phase will only cause particles to shift and allow excess
water to migrate to the surface. The second phase begins when cement hydration starts to form a
skeletal structure (approximately initial set). The hardening phase occurs when the skeletal
structure can sustain stresses. Long-term shrinkage can occur for several years and is dependent
on several factors such as the chemical composition of the cementitious materials, amount of water
in the original concrete mixture, surrounding environment, moisture conditions, and the size of the
specimen.

SCMs have been shown to decrease shrinkage by modifying the microstructure of the cement
paste. Specifically, SCMs can help densify the concrete and create smaller pores in the matrix to
reduce shrinkage (73). Research has shown that the ability of SCMs to reduce shrinkage is
determined by the chemical composition of the SCM and the size and distribution of pores (73).

7



In the case of fly ash, research has shown that increasing cement replacement by fly ash decreases
both drying and autogenous shrinkage (74).

Shrinkage can be assessed by measuring the change in size of a specimen. Typically, a specimen’s
length is monitored throughout its curing period and changes in length, relative to the initial length,
quantify the amount of shrinkage that has occurred.

3.3.2. Freezing and Thawing

A cycle of freezing and thawing can cause degradation when the pore spaces in the concrete are
filled (or nearly so) with water that will expand as it approaches its freezing temperature. When
water freezes, it expands approximately 9%. As soon as the water expands, it causes internal
pressure in the concrete. If the internal pressure exceeds the tensile strength of the concrete, it can
cause the pore space to dilate and rupture (75). Microcracking near a pore can eventually lead to
macrocracking, scaling, and severe degradation of the concrete after numerous cycles of freezing
and thawing.

Research has shown that freezing and thawing effects can be mitigated by incorporating entrained
air in the concrete. Air-entraining admixtures (AEAS) are usually used to improve frost resistance
by creating air bubbles, ranging from 0.0004 to 0.04 in. (10 to 1000 um) in diameter, in the cement
paste that create space that can facilitate the expansion of ice in the concrete to prevent cracking
(35, 76). Side effects that often occur when using AEAs include decreased strength and stiffness
of the concrete (76). SCMs with high or variable carbon contents can jeopardize a concrete
mixture’s ability to entrain air and also make the air void system inconsistent across multiple
batches of concrete (77).

Damage caused by freezing and thawing can be assessed by exciting vibration in specimens over
a broad range of frequencies and recording the frequency with the greatest amplitude of
acceleration. The frequency recorded is the resonant frequency for first mode vibration
(fundamental frequency) and is related to the elastic modulus and density of the specimen (72).
The fundamental frequency is used to determine the relative dynamic modulus (RDM), which can
be monitored over multiple cycles of freezing and thawing to obtain an indication of the level of
deterioration in a specimen.

3.3.3. Corrosion of Reinforcing Steel

Corrosion of reinforcing steel is the leading cause of deterioration in concrete structures. Corrosion
is often initiated when harmful ions, such as chlorides, penetrate concrete and reach the reinforcing
steel. Chloride ion penetration can occur through capillary absorption, hydrostatic pressure,
diffusion, or evaporative transport (78). Corrosion of the steel creates ferrous oxide (rust) that
occupies greater volume than the reactants. This expansion exerts internal tensile stresses in the
concrete that can cause cracking in the surrounding concrete that can extend to the surface of the
concrete and allow even more chloride ions to penetrate the concrete and accelerate the corrosion
process. To protect reinforcing steel from corrosion, it is essential to limit chloride ion penetration
into the concrete.

One way to improve resistance to chloride ion penetration is to use SCMs or other mineral
admixtures to improve density by partially filling pore spaces. The SCMs produce secondary CSH
that fills pore spaces to decrease pore volume and increase density. The pore volume in the cement
paste largely controls the permeability of concrete and is affected by the cementitious materials
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used in the mixture and construction practices (79). High contents of SCMs and steel fibers used
in UHPC lead to a dense microstructure which improves resistance to corrosion (12).

3.4. Durability Testing

3.4.1. Shrinkage Testing

ASTM C157 (80) presents the most commonly used method to measure shrinkage strain in
concrete specimens. The method specifies monitoring length changes using a length comparator.
First, specimens are cured for 23.5 £ 0.5 hours before they are removed from the molds for
recording an initial reading using the length comparator. Then, specimens are wet cured for 28
days at 73 + 3°F (23 + 2°C). After 28 days wet curing, the second reading is recorded and
specimens are stored for an additional period of up to 64 weeks in an environment with, preferably,
arelative humidity of 50 + 4 % and a temperature of 73 + 3°F (23 £ 2°C). During drying, specimens
should be stored with a clearance of at least 1 in (25 mm) on all sides. Finally, average length
changes for a period of up to 64 weeks are used to compute shrinkage strain.

3.4.2. Freezing and Thawing Testing

To assess frost resistance of UHPC mixtures according to ASTM C666, Procedure A (81), mass
and fundamental transverse frequency of prism specimens exposed to freezing and thawing cycles
are measured at intervals no greater than 36 cycles to compute RDM.

Specimens should be cured in the moist room to an age of 13 days. Immediately after the curing
period, the temperature of specimens should be decreased to 40°F (4°C) in a water bath in the 24
hours prior to initiating freezing and thawing cycles. For Procedure A, specimens in the freezing
and thawing chamber should be completely surrounded by not less than 1/32 in (1 mm) nor more
than 1/8 in (3 mm) of water at all times. A full cycle of freezing and thawing consists of rapidly
decreasing the temperature from 40 to 0°F (4 to -18°C) and increasing the temperature from 0 to
40°F (-18 to 4°C) in not less than two nor more than five hours. For Procedure A, not less than
25% of the time should be used for thawing. The period of transition between the freezing and
thawing phases of the cycle should not exceed 10 mins, except when specimens are being tested.

On the thawed portion of the cycle, at intervals no greater than 36 cycles, specimens should be
removed from the freezing and thawing chamber to determine the mass and fundamental frequency
of each specimen. Finally, tested specimens should be returned to the chamber at 40°F (4°C). Each
specimen should be tested until it is subjected to 300 cycles or until its RDM decreases to 60 % of
the initial modulus, whichever occurs first.

The impact resonance method (ASTM C215 [82]) is used to measure fundamental frequency at
various ages by striking a supported specimen with an instrumented hammer and recording the
acceleration response history using a lightweight accelerometer attached to the specimen as shown
in Figure 1. Fundamental frequency, resonant frequency for first mode vibration, is determined by
identifying the frequency at which the maximum acceleration response occurs from a plot of
amplitude versus frequency as shown in Figure 2.
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15 1

10 +

Amplitude

0 f f f f !
1800 2000 2200 2400 2600 2800

Frequency (Hz)

Figure 2. Amplitude versus frequency graph.

At intervals no greater than 36 cycles, fundamental transverse frequency and mass are used to
calculate dynamic elastic modulus (Ep) according to ASTM C215 (82):

Ep = C X m X n? [1]

where C is a constant 0.0733 s%/in? (1114 m™*) determined from the geometry of the specimen and

an assumed Poisson’s ratio (0.167), m is mass (Ib [kg]), and n is fundamental transverse frequency
(Hz). Then, RDM is computed as:

RDM = = X (100) [2]
0

where En and Eo are dynamic elastic modulus (psi [Pa]) values after n and 0 cycles, respectively.
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3.4.3. Chloride lon Permeability Testing

Chloride ion permeability can be assessed by conducting RCPT or surface resistivity testing that
determine electrical conductance and resistivity of the concrete mixture, respectively. Results from
these tests provide indications of the ability of the concrete to resist penetration of chloride ions.

3.4.3.1. Rapid Chloride Permeability Testing

To assess the durability of mixtures against chloride ion penetration, a RCPT is commonly
conducted according to ASTM C1202 (83). A 2-in (51-mm) slice cut from a 4 by 8 in (102 by 203
mm) cylinder specimen is placed in a vacuum desiccator and the internal pressure is rapidly
decreased to less than 0.96 psi (6650 Pa). The slice is subjected to the vacuum pressure for three
hours before being submerged in deionized water for one hour with the vacuum pump running.
The specimen is kept in the vacuum desiccator for an additional 18 hours while the pump is off.
Then, the specimen is placed in a testing cell with one side of the specimen exposed to a 3.0%
sodium chloride (NaCl) solution and the other side of the specimen exposed to a 0.3 N sodium
hydroxide (NaOH) solution. This test is performed using a power supply that is set to 60V DC and
current is measured every 30 minutes for six hours. Negative and positive terminals of the power
supply are connected to the 3.0% NaCl solution and 0.3 N NaOH solution, respectively. The total
charge passed (coulombs), a measure of the electrical conductance of the concrete during the
period of the test, is calculated as:

QX = 900 >< (IO + 2[30 + 2160 + cee + 2[300 + 2[330 + 1360) [3]
95
Qs = Q X (-)? [4]

where Qx is the total charge passed (coulombs) through a x-in diameter specimen, Qs is the adjusted
total charge passed (coulombs) through a 3.74-in (95-mm) diameter specimen, X is the diameter of
the actual specimen (in [mm]), lo is the current (amperes) immediately after voltage is applied, and
It is the current (amperes) at t min after voltage is applied.

In this test, greater electrical conductance indicates that the specimen is more permeable. The
interpretation of RCPT results, according to ASTM C1202 (83), is presented in Table 1.

Table 1. RCPT interpretation.

Chloride lon Penetrability RCPT (total charge passed)
(coulombs)

High >4000

Moderate 2000-4000

Low 1000-2000

Very Low 100-1000

Negligible <100
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3.4.3.2. Surface Resistivity Testing

The surface resistivity test is another common test to provide a rapid indication of chloride ion
permeability for concrete mixtures. AASHTO T 358 (84) describes the surface resistivity test,
where an alternating current (AC) potential difference is applied by the outer pins (current
electrodes) of a four-pin Wenner probe array that generates current flow in the concrete, and the
resultant potential difference between the two inner pins (potential electrodes) is measured (Figure
3). The current used and resultant potential, along with the affected specimen area, are used to
calculate the surface resistivity of the concrete. It should be noted that the cylindrical specimen
used in this test should be wet throughout testing.

(I) Current Applied
f::“ = (V) Potential Measured
1.5"11.5"11.5"
: . : SR D T T L e T
Equipotemtial Lines gl ' f“ . _
L \\ \\ ; k' 7 4"
Lines of Current Flow = St \\‘ - n/
—— : - : — .
g" 5 Specimen

Figure 3. Four-point Wenner probe array test setup.

Surface resistivity (kQ-in [kQ-mm]), a measure of the electrical resistivity of the concrete during
the test, is related to the resistance of the concrete to chloride ion penetration. According to
AASHTO T 358 (84), less electrical resistivity in the specimen indicates that the specimen is more
permeable (Table 2).

Table 2. Surface resistivity test interpretation.

Chloride lon Penetrability Surface Resistivity Test
kQ—in (kQ-mm)

High <4.7 (120)

Moderate 4.7-8.3 (120-210)

Low 8.3-14.6 (210-370)

Very Low 14.6-100 (370-2540)

Negligible >100 (2540)
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4. METHODOLOGY

The following sections describe the materials used in this study as well as the methods used for
mixing, workability measurements, compression and flexural tests, shrinkage testing, frost
resistance testing, RCPT, and surface resistivity testing.

4.1. Materials

4.1.1. Aggregates and Cementitious Materials

Table 3 presents the physical properties and particle size distribution of the local sand (the only
aggregate used in this study) obtained from Las Cruces, New Mexico, USA. The cementitious
materials used in this study included a Type /Il low-alkali portland cement produced by GCC, a
class F fly ash produced at the San Juan generating station in northern New Mexico, a
commercially available silica fume (MasterLife SF 100), a natural pozzolan (pumicite) mined near
Espanola, New Mexico, a metakaolin (GMK-S5) manufactured by Grace in Aiken, South
Carolina, and a GGBFS obtained from St. Marys Cement in Detroit, Michigan. Table 4 presents
chemical and physical properties of the cementitious materials used in this study.

Table 3. Physical properties and particle size distribution (percent passing) of sand.

Bulk . Moisture . Sieve No.
L Fineness Absorption
Specific Modulus Content %)
Gravity (%) 0 4 8 16 30 50 100
251 2.81 0.7 1.6 100 932 815 621 456 117

Table 4. Chemical and physical properties of cementitious materials (Y%omass).

Chemical Properties Material

Cement Class F Silica Pumicite  Metakaolin GGBFS
Type /Il Fly Ash Fume

CaO 63.9 8.99 0.3 0.40 0.87 38.44
SiO; 20.3 53.16 96.9 76.29 63.86 42.87
Al203 4.6 24.64 0.2 12.13 31.11 11.61
Fe203 3.4 4.22 0.2 1.74 1.06 0.92
MgO 1.91 1.25 0.2 0.07 0.18 4.29
Na20 0.23 1.66 0.2 4.23 1.08 0.96
K20 0.38 1.24 0.3 4.29 0.09 0.12
TiO, - - - 0.10 - -
MnO; - - - 0.08 - -
P20s - - - 0.02 - -

SrO - - - 0.01 - -
BaO - - - 0.01 - -

SOs 2.86 0.25 0.1 0.00 0.05 0.17
Loss on Ignition 2.24 - 2.17 - 1.18 1.96
Physical Properties

Specific Gravity 3.15 1.91 2.20 2.45 2.60 2.91
Spec. Surface Area 335 734 26810 17348 22320 542
(m?/kg)

Autoclave Expansion  0.05 0.01 - - - 0.06
(%)
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4.1.2. Other Materials

Steel fibers used in this study were NYCON-SF type 1 with 0.5 in (13 mm) length, 0.008 in (0.2
mm) diameter, and tensile strength of 285,000 psi (1900 MPa). To achieve the acceptable
workability, a commercially available polycarboxylate-based HRWRA produced by BASF
Construction Chemicals (MasterGlenium 3030 NS) was also used.

4.2. Mixture Proportions

An existing UHPC mixture (S10-F10) with 20% SCM (by mass of cementitious materials), w/cm
of 0.14, and 1.5% steel fibers (by volume) used in previous research associated with the New
Mexico Department of Transportation was selected as a control mixture (85). Table 5 presents
proportions for all sixteen mixtures produced in this study. For each mixture, the target slump
values were between 4 in (100 mm) and 8 in (205 mm) and acceptable slump flow values were
between 8 in (205 mm) and 16 in (405 mm). To interpret the names of the mixtures, the letters
denote the type of the SCM used in the mixture (S for silica fume, F for fly ash, N for natural
pozzolan, M for metakaolin, and G for GGBFS), and the number after each letter denotes the
percent of that SCM in the cementitious materials (by mass). For example, S10-N2-M6-G2
indicates a mixture with SCM composed of 10% silica fume, 2% natural pozzolan (pumicite), 6%
metakaolin, and 2% GGBFS as percentages of the total cementitious materials.
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Table 5. Concrete mixture proportions.

Mixture Name Cement Silica Fume Fly Ash Pumicite Metakaolin GGBFS Sand Water Fiber HRWRA
Ib/yd®  Ib/yd? Ib/yd®  Ib/yd? Ib/yd? Ib/yd® Iblyd® Iblyd® Iblyd® gallyd®
(kg/m3)  (kg/m3) (kg/m3)  (kg/m®)  (kg/md) (kg/m3) (kg/m?3) (kg/md) (kg/m3) (ml/m?)
S10-F10 1413 176 176 0 0 0 1548 247 200 1141
(Control Mixture) (839)  (104) (104) (919) (147) (119) (56,500)
S10-F5-N5 1413 176 88 88 0 0 1558 247 200 11.98
(839)  (104) (52) (52) (925) (147) (119) (59,330)
S10-F2.5-N7.5 1413 176 44 132 0 0 1570 247 200 11.98
(839)  (104) (26) (78) (931) (147) (119) (59,330)
S10-N10 1413 176 0 176 0 0 1569 247 200 12.55
(839)  (104) (104) (931) (147) (119) (62,150)
$10-F5-M5 1413 176 88 0 88 0 1539 247 200  13.12
(839)  (104) (52) (52) (913)  (147) (119) (64,980)
S10-F2.5-M7.5 1413 176 44 0 132 0 1553 247 200 13.12
(839)  (104) (26) (78) (921) (147) (119) (64,980)
$10-M10 1413 176 0 0 176 0 1554 247 200  13.69
(839)  (104) (104) (922) (147) (119) (67,800)
S10-F8-G2 1413 176 141 0 0 35 1551 247 200  11.98
(839)  (104) (83) (21) (920) (147) (119) (59,330)
S10-F6-G4 1413 176 106 0 0 70 1553 247 200 12.55
(839)  (104) (62) (42) (921) (147) (119) (62,150)
S10-N5-M5 1413 176 0 88 88 0 1561 247 200 13.12
(839)  (104) (52) (52) (926) (147) (119) (64,980)
S10-N2-M6-G2 1413 176 0 35 106 35 1555 247 200 13.69
(839)  (104) (21) (62) (21)  (923) (147) (119) (67,800)
S9-M9-G2 1413 159 0 0 159 35 1561 247 200 13.69
(839)  (94) (94) (21) (926) (147) (119) (67,800)
S9-M9-G12* 1272 159 0 0 159 177 1563 247 200 13.12
(755)  (94) (94) (105) (928) (147) (119) (64,980)
S7.5-N2.5-M10 1413 132 0 44 176 0 1584 247 200 12.55
(839)  (79) (26) (104) (940) (147) (119) (62,150)
S7.5-M12.5 1413 132 0 0 220 0 1574 247 200 13.12
(839)  (79) (130) (934) (147) (119) (64,980)
S5-M15 1413 88 0 0 264 0 1595 247 200 12.55
(839) (52 (156) (946) (147) (119) (62,150)

*In this mixture, an additional 10% of cement was replaced with GGBFS.

4.3. Mixing

Mixing was performed in a 4.25 ft3 (0.12 m®) capacity pan mixer as shown in Figure 4. The mixing
sequence began with sand and cementitious materials for each mixture being placed in a pan mixer
prior to starting the mixer. After starting the mixer, water and HRWRA were added with the mixer
running and the top of the mixer covered to prevent evaporation. After 15 mins of mixing or when
the mixture appeared to be uniformly mixed, whichever was longer, steel fibers were added and
the mixer was run for an additional five mins before discharging the mixture. Immediately after
mixing, slump and slump flow tests were conducted for each batch.
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For each mixture, a 2.0 ft3 (0.057 m®) batch was used to produce nine 3.94 in (100 mm) cube
specimens, five 4 by 8 in (102 by 203 mm) cylinder specimens, and eight 3x4x16 in (76x102x406
mm) prism specimens, three of which had gauge studs (contact points) embedded in each end of
the prism specimen. All specimens were de-molded 24 + 4 hours after placement and moist cured
at 98% relative humidity and a temperature of 73 + 3°F (23 £ 2°C) for up to 56 days according to
ASTM C511 (86). Three cubes for compression testing were cured for seven days, three prisms
for frost resistance testing were cured for 14 days, three cubes and five prisms for compression,
flexural, and shrinkage testing were cured for 28 days, and three cubes and five cylinders for
compression testing, RCPT, and surface resistivity testing were cured for 56 days.

4.4, Slump Test

One of the workability tests performed in this study was the slump test described in ASTM C143
(87). A steel slump cone that had a height of 12 in. (305 mm), a base diameter of 8 in. (203 mm),
and a top diameter of 4 in. (102 mm) was used to perform the slump tests. The cone was placed
on an even surface and filled in three equal (volumetrically) lifts with each lift rodded 25 times.
The concrete was then struck off at the top of the cone to remove any excess concrete. The steel
cone was then removed in a single motion by lifting it in the vertical direction. After inverting the
steel cone and placing it next to the slumped concrete, the slump was immediately measured by
placing a rod across the top of the inverted cone and measuring the slump from the top center of
the concrete mound to the bottom of the rod as shown in Figure 5.

~

Figure 5. S.Iumpftest.

4.5. Slump Flow Test
Another workability test performed in this study was the slump flow test described by ASTM
C1611, Procedure A (88). Slump flow tests were conducted on a flat and level steel plate. The
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slump cone was dampened and placed in the center of the steel plate, with the larger opening of
the mold facing downward. After filling the mold in one lift, concrete was released from the cone
by raising the cone vertically in 3 + 1 secs. Then, the largest diameter of the resulting circular
spread of concrete was measured after the concrete stopped flowing as shown in Figure 6. A second
diameter of the circular spread was measured perpendicular to the original measured diameter. The
average of these two dimeters was reported as the slump flow.

Fié'ubre 6.rSIump flow test.

4.6. Compression Test

To identify UHPC mixtures, compressive strengths of all mixtures produced in this study with
acceptable slump and slump flow values were evaluated using a 400,000-1bf (1780 kN) capacity
universal testing machine. According to ASTM C1856 (1), mixtures with 28-day compressive
strength greater than 17,000 psi (120 MPa) can be classified as acceptable UHPC. To assess
compressive strengths of mixtures, three 3.94 in (100 mm) cube specimens from each mixture
were removed from the moist room at ages of seven, 28, and 56 days and were tested for
compressive strength according to BS1881 (89) as shown in Figure 7. After removing cubes from
the moist room, the cubes were placed between high-yield strength steel platens to evenly
distribute the compression load (platens were lightly oiled to decrease lateral confinement).
According to BS1881 (89), cubes are to be tested at a load rate of 29 psi/s to 58 psi/s (0.2 MPa/s
to 0.4 MPa/s). However, the load rate in this study was increased to 145 psi/s (1.0 MPa/s) as stated
by ASTM C1856 (1). It should be noted that the reason for selecting cube specimens (instead of
cylindrical specimens) for compression tests is that cubes do not require end preparation

(grinding).
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Figure 7. Compression test a) setup and b) schematic.

4.7. Flexural Test

To evaluate flexural strength properties, two 3x4x16 in (76x102x406 mm) prism specimens from
each mixture with acceptable slump and slump flow values were evaluated according to the
flexural test described in ASTM C1609 (90) using a 400,000-Ibf (1780 kN) capacity universal
testing machine (Figure 8).

Figure 8. Flexural test setup.

Specimens were placed on two semi-circular end supports located 2 in (51 mm) from each end of
the specimen and then loaded with two concentrated loads, spaced 4 in (102 mm) apart, placed
symmetrically about the midspan of the specimen. Two load cells (below supports), a string
potentiometer at midspan, and two linear variable differential transformers (LVDTs) at 0.75 in (19
mm) from top and bottom surfaces of the specimen were used to measure the load, mid-span
deflection, and displacements (used to compute strains) near the top and bottom of the specimens
during flexural testing, as illustrated in Figure 9.
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Figure 9. Schematic of flexural test a) front view and b) back view.

Modulus of rupture (MOR), peak strength (ultimate strength), residual strengths (including feoo
and f1s0), and toughness at 28 days were computed as described in ASTM C1609 (90). MOR was
calculated as (90):

PxL
MOR = — [5]

where P (local maximum load) is the load when the slope is zero on the load-deflection curve for
the first time (Ibf [N]), L is the span length (in [mm]), b is the width of the specimen (in [mm]),
and d is the depth of the specimen (in [mm]).

Peak strength, feoo, and fiso were also calculated using Equation 5 with P being the greatest value
of load prior to failure, P being the load at a net deflection of 1/600 of the span length, and P being
the load at a net deflection of 1/150 of the span length, respectively.
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4.8. Shrinkage

ASTM C157 (80) presents the most commonly used method to measure shrinkage in concrete
specimens. The method specifies monitoring length changes using a length comparator. In this
study, prism specimens with dimensions of 3x4x16 in (76x102x406 mm) were used for shrinkage
testing to be consistent with freezing and thawing test specimens. Three specimens from each
UHPC mixture were cured for 23.5 £ 0.5 hours before they were removed from the steel molds.
After demolding, initial comparator readings were taken using the length comparator shown in
Figure 10 and were then cured for 28 days in a moist room with relative humidity of 96% and
temperature of 73+3°F (23+2°C). After the 28-day curing period, the specimens were removed
from the moist room and the second length measurement was recorded. Specimens were then
allowed to dry while stored at ambient conditions (relative humidity of 30+4 % and temperature
of 68+3°F [20£2°C]) for an additional 28 days. Length comparator readings were recorded every
three days for the 28-day drying period. Finally, average length changes for each UHPC mixture
were used to compute shrinkage strains. During drying, specimens were stored with a clearance of
at least 1.0 in (25 mm) on all sides. The relative humidity of 30% was less than the 50%
recommended by ASTM C157 (80) and, therefore, provided conservative shrinkage results.

Figure 10. Shrinkage test.

4.9. Freezing and Thawing

To assess frost resistance of UHPC mixtures, freezing and thawing tests were performed on
prismatic specimens according to ASTM C666, Procedure A (81). Three prismatic specimens from
each UHPC mixture that measured 3x4x16 in. (76x102x406 mm) were subjected to six to seven
freezing and thawing cycles per day in the freeze-thaw chamber shown in Figure 11. Each
specimen was subjected to a total of 300 freezing and thawing cycles. A full freezing and thawing
cycle consisted of rapidly decreasing the temperature from 40 to O°F (4.4 to -17.8°C) in
approximately two hours and 20 minutes and increasing the temperature from 0 to 40°F (-17.8 to
4.4°C) in approximately one hour and 20 minutes The temperature was held constant at 0°F (-
17.8°C) for eight minutes at the bottom of the temperature cycle. At the top of the temperature
cycle, the temperature was held constant at 40°F (4.4°C) for 10 minutes, except when specimens
were being tested.
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Figure 11. Freezing and thawing test.

Mass and fundamental transverse frequency measurements were taken at intervals that did not
exceed 36 cycles. The recorded mass and frequency data were used to calculate the dynamic elastic
modulus of the specimens according to ASTM C215 (82) using Equation 2.

Fundamental transverse frequencies were measured according to the impact resonance method
described in ASTM C215 (82). For the impact resonance method, an instrumented hammer was
used to excite a wide range of frequencies in the supported specimen and a lightweight
accelerometer attached to the specimen was used to record the acceleration response history as
shown in Figure 12. Fundamental frequency, resonant frequency for first mode vibration, was
determined by identifying the frequency at which the maximum acceleration response occurs from
a plot of amplitude versus frequency as shown in Figure 2.

Figure 12. Fundamental transverse frequency test setup.

According to ASTM C215 (82), results from measurements obtained while monitoring
deteriorating concrete should be presented in terms of the RDM computed using Equation 2.

After the freezing and thawing cycles were completed, Equation 6 was used to calculate the
durability factor (DF):

_ RDMxN
= v [6]

DF
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where N is the number of cycles and M is the specified number of cycles (300).

4.10. Rapid Chloride Permeability Test

To evaluate the chloride ion permeability of UHPC mixtures, RCPTs (ASTM C1202 [83]) were
conducted after 56 days moist curing using two 2-in (51-mm) slices that were cut from two 4 by 8
in (102 by 203 mm) cylinder specimens from each UHPC mixture. The setup for the RCPT is
shown in Figure 13. First, the slices were allowed to dry for one hour before a rapid setting coating
was brushed on the circumferential surface of the specimens. Then, the slices were placed in a
vacuum desiccator and the internal pressure was rapidly decreased to less than 0.96 psi (6650 Pa).
The slices were then subjected to the vacuum pressure for three hours before being submerged in
deionized water for one hour with the pump running. The specimens were kept in the vacuum
desiccator for an additional 18 hours while the pump was off. After preparation, the specimens
were placed in a testing cell with one side of a specimen exposed to a 3.0% sodium chloride (NaCl)
solution and the other side of the specimen exposed to a 0.3 N sodium hydroxide (NaOH) solution.
This test was performed using a 60V DC power supply to pass a current through the specimen that
was measured every 30 minutes for six hours. Negative and positive terminals of the power supply
were connected to the 3.0% NaCl solution and 0.3 N NaOH solution, respectively. Finally, the
total charge passed (coulombs) was calculated using Equation 4.

Figure 13. RCPT setup.

4.11. Surface Resistivity

The surface resistivity test is another permeability test conducted on all UHPC mixtures produced
in this study to provide a rapid indication of chloride ion permeability for UHPC mixtures. In this
study, 56-day surface resistivity tests were performed on three 4 by 8 in (102 by 203 mm) cylinders
from each UHPC mixture using a four-pin Wenner probe array (Resipod Proceq) instrument,
shown in Figure 14, according to AASHTO T 358 (84).

22



Figure 14

. Surface resistivity test equipment.
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5. FINDINGS

This chapter presents the results from mechanical and durability testing performed during this
study. The tests that were conducted include slump, slump flow, compression and flexural strength
tests, shrinkage measurements, freezing and thawing tests, RCPTSs, and surface resistivity tests.

5.1. Workability

Table 6 presents slump and slump flow values for each mixture produced in this work. The 16
acceptable mixtures, with slump between 4 in (100 mm) and 8 in (205 mm) and slump flow
between 8 in (205 mm) and 16 in (405 mm), are presented in bold font in Table 6. Workability of
mixtures was consistent enough to achieve acceptable slump and slump flow values in no more
than two attempts and only 27 trials were needed to produce 16 acceptable mixtures.

Table 6. Workability results.

Mixture Name Trial No. HRWRA Slump Slump Flow
gal/yd® (mL/m?) in (mm) in (mm)
S10-F10 (Control Mixture) Final 11.41 (56,500) 4.75 (120) 15.00 (380)
1t 9.10 (45,060) 2.50 (65) 12.50 (320)
S10-F5-N5 Final 11.98 (59,330) 4.50 (115) 14.50 (370)
1 11.41 (56,500) 3.75 (95) 14.00 (360)
S10-F2.5-N7.5 Final 11.98 (59,330) 4.00 (100) 14.50 (370)
S10-N10 Final 12.55 (62,150) 4.00 (100) 14.50 (370)
1 11.98 (59,330) 3.25 (85) 13.00 (330)
S10-F5-M5 Final 13.12 (64,980) 5.00 (130) 15.00 (380)
1 11.98 (59,330) 3.25 (85) 13.50 (340)
$10-F2.5-M7.5 Final 13.12 (64,980) 450 (115) 14.50 (370)
S10-M10 Final 13.69 (67,800) 4.25 (110) 14.50 (370)
18 13.12 (64,980) 3.50 (90) 13.50 (340)
S10-F8-G2 Final 11.98 (59,330) 4.75 (120) 15.00 (380)
18 11.41 (56,500) 3.75 (95) 14.00 (360)
S10-F6-G4 Final 12.55 (62,150) 4.25 (110) 14.50 (370)
1 11.98 (59,330) 3.50 (90) 13.50 (340)
S10-N5-M5 Final 13.12 (64,980) 4.50 (115) 14.50 (370)
1 12.55 (62,150) 3.50 (90) 13.50 (340)
S10-N2-M6-G2 Final 13.69 (67,800) 4.25 (110) 14.00 (360)
1 12.55 (62,150) 3.00 (75) 13.00 (330)
S9-M9-G2 Final 13.69 (67,800) 4.00 (100) 14.00 (360)
S9-M9-G12 Final 13.12 (64,980) 5.00 (125) 15.00 (380)
1t 13.69 (67,800) 6.00 (150) 16.50 (420)
$7.5-N2.5-M10 Final 12.55 (62,150) 4.50 (115) 14.50 (370)
§7.5-M12.5 Final 12.55 (62,150) 4.25 (110) 14.50 (370)
1 13.69 (67,800) 6.00 (150) 16.50 (420)
S5-M15 Final 12.55 (62,150) 5.25 (135) 15.50 (390)

Results show that replacing fly ash with pumicite, metakaolin, and GGBFS increased HRWRA
demand (decreased workability). This can be attributed to pumicite, metakaolin, and GGBFS being
more angular than spherical fly ash particles. Replacing 100% of the fly ash in the control mixture
with pumicite (S10-N10), replacing 100% of the fly ash in the control mixture with metakaolin
(S10-M10), and replacing 40% of the fly ash in the control mixture with GGBFS (S10-F6-G4)
increased HRWRA demand by 10.0, 20.0, and 10.0%, respectively. From these results, replacing
100% of the fly ash with pumicite increased HRWRA demand as much as replacing 40% of the
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fly ash with GGBFS to produce acceptable slump and slump flow values, indicating that GGBFS
decreased workability more than pumicite. Additionally, mixtures containing metakaolin required
more HRWRA to produce acceptable slump and slump flow values than mixtures containing
pumicite. Since workability of UHPC mixtures is sensitive to the particle size (specific surface
area) and shape of ingredients, ultra-fine metakaolin with smaller particles (greater specific surface
area) than pumicite have greater water demand that leads to an increase in HRWRA demand.

Results from mixtures S9-M9-G2 and S9-M9-G12 show that replacing 10% of the cement in
mixture S9-N9-G2 with GGBFS reduced HRWRA demand. A possible explanation for this is
slower water consumption by GGBFS than by cement during hydration. Similarly, comparing
mixtures S7.5-N2.5-M10, S7.5-M12.5, and S5-M15 with mixture S10-M10 shows that replacing
silica fume with either pumicite or metakaolin decreased HRWRA demand. This is attributed to
the silica fume particles being smaller and requiring more water due to their greater surface area
than pumicite and metakaolin particles.

5.2. Compressive Strength

Average compressive strengths for three specimens from each mixture tested at seven, 28, and 56
days are presented in Table 7 and Figure 15. Mixtures S10-N10, S9-M9-G12, and S5-M15 did not
produce 28-day compressive strengths greater than 17,000 psi (120 MPa), which is a requirement
for UHPC based on ASTM C1856 (1). However, the 56-day strengths for these three mixtures
were greater than 20,020 psi (138.0 MPa), which should be suitable for many UHPC applications,
indicating that a more liberal definition of UHPC could capture the longer-term benefit provided
by the natural pozzolan, metakaolin, or GGBFS.

Results from compression tests indicate that replacing fly ash with any of the SCMs used in this
study decreased seven-day compressive strength, regardless of the amount of replacement. The
greatest reduction in seven-day strength (12.6%) occurred when 100% of the fly ash in the control
mixture was replaced with pumicite (S10-N10). Additionally, increasing the amount of
replacement decreased seven-day compressive strength, showing that the SCMs used in this study
react more slowly than fly ash in the first seven days. Seven-day results also showed that replacing
silica fume with alternative SCMs (after replacing all of the fly ash with metakaolin) reduced
compressive strengths. Replacing 25% of the silica fume with pumicite (S7.5-N2.5-M10),
replacing 25% of the silica fume with metakaolin (S7.5-M12.5), and replacing 50% of the silica
fume with metakaolin (S5-M15) reduced seven-day compressive strengths by 15.7, 17.5, 20.3%,
respectively, compared to mixture S10-M10. Comparing these results with the results from
replacing fly ash with pumicite or metakaolin shows that replacing 25 or 50% of the silica fume in
the control mixture with pumicite or metakaolin reduced compressive strength more than replacing
100% of the fly ash in the control mixture with pumicite or metakaolin. This indicates that silica
fume is a more reactive and vital component than fly ash in early-age strength development of
UHPC mixtures.
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Table 7. Compressive strength results.

Mixture 7-day 28-day 56-day
Compressive Compressive Compressive
strength strength strength
psi (MPa) psi (MPa) psi (MPa)

S10-F10 (Control Mixture) 16,680 (115.0) 19,560 (135.0) 22,730 (156.5)

S10-F5-N5
S10-F2.5-N7.5
S10-N10
S10-F5-M5
S10-F2.5-M7.5
S10-M10
S10-F8-G2
S10-F6-G4
S10-N5-M5
S10-N2-M6-G2
S9-M9-G2
S9-M9-G12
S7.5-N2.5-M10
S7.5-M12.5
S5-M15

15,130 (104.5)
14,850 (102.5)
14,590 (100.5)
15,760 (108.5)
15,710 (108.5)
15,510 (107.0)
16,310 (112.5)
16,050 (110.5)
14,860 (102.5)
15,670 (108.0)
15,370 (106.0)
13,130 (90.5)

14,060 (97.0)

13,770 (95.0)

13,290 (91.5)

19,120 (132.0)
17,750 (122.5)
16,840 (116.0)
19,460 (134.0)
19,100 (131.5)
18,960 (130.5)
19,480 (134.5)
19,240 (132.5)
17,870 (123.0)
19,030 (131.0)
18,840 (130.0)
16,140 (111.5)
17,230 (119.0)
17,550 (121.0)
16,840 (116.0)

22,690 (156.5)
22,560 (155.5)
22,390 (154.5)
21,980 (151.5)
22,070 (152.0)
22,130 (152.5)
22,960 (156.5)
22,560 (155.5)
22,200 (153.0)
22,090 (152.5)
22,100 (152.5)
21,440 (148.0)
20,640 (142.5)
20,560 (142.0)
20,020 (138.0)
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Figure 15. Compressive strength results.

Comparing 28-day compressive strength results show that replacing fly ash with pumicite,
metakaolin, or GGBFS decreased 28-day strength (similar to seven-day tests results), however,
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reductions in 28-day strengths caused by replacing fly ash (but not silica fume) with metakaolin
were not as severe as reductions in seven-day strengths. Replacing 100% of the fly ash in the
control mixture with pumicite (S10-N10) or metakaolin (S10-M10) decreased 28-day compressive
strengths by 13.9 and 3.0%, respectively. This indicates that pumicite reacts more slowly than fly
ash (similar to seven-day results) and that the slow reaction occurs for at least 28 days, which is
consistent with Newtson et al. (91). However, at 28 days, the metakaolin reaction had essentially
caught up with the reaction of the fly ash in the control mixture. Additionally, replacing 100% of
the fly ash in the control mixture with 50% pumicite and 50% metakaolin reduced 28-day
compressive strength by 8.6%, showing that the reaction of the pumicite and metakaolin was not
rapid enough to catch up with the reaction of the fly ash in the first 28 days.

Comparing 28-day results for mixtures S7.5-N2.5-M10, S7.5-M12.5, and S5-M15 indicates that
replacing 25% of the silica fume with pumicite, replacing 25% of the silica fume with metakaolin,
and replacing 50% of the silica fume with metakaolin reduced 28-day compressive strengths by
11.9, 10.2, and 13.9%, respectively, compared to mixture S10-M10. As stated previously,
replacing 100% of the fly ash in the control mixture with pumicite (S10-N10) or metakaolin (S10-
M10) decreased 28-day compressive strength by 13.9 and 3.0%, respectively. Noting that
replacing 25% of the silica fume with pumicite decreased 28-day compressive strength just slightly
less than when 100% of the fly ash was replaced with pumicite (11.9% compared to 13.9%) and
that replacing 25 or 50% of the silica fume with metakaolin decreased 28-day compressive strength
more than replacing 100% of the fly ash with metakaolin indicate that silica fume is a more reactive
and vital component than fly ash in 28-day strength development of UHPC mixtures. This
observation is similar to what was observed in the seven-day tests.

Results from 56-day compressive strengths show that reductions in compressive strengths caused
by replacing fly ash (but not silica fume) with alternative SCMs were of less magnitude than
reductions at seven and 28 days. Mixtures S10-F6-G4, S10-N10, S10-M10, and S10-N5-M5 had
56-day compressive strength that were only 0.7, 1.5, 2.6, and 2.3% less than the control mixture,
respectively. The greatest reduction (3.3%) occurred when 50% of the fly ash in the control
mixture was replaced with metakaolin (S10-F5-M5). This shows that the pumicite, metakaolin,
and GGBFS mixtures had comparable 56-day compressive strengths to that of the control mixture.
As areminder, GGBFS mixtures also had comparable compressive strengths to the control mixture
at seven and 28 days and metakaolin mixtures had compressive strengths similar to the control
mixture at 28 days. However, the fact that pumicite mixtures had comparable 56-day compressive
strengths to the control mixture indicate that the pumicite reaction had finally progressed to the
point that it was essentially equivalent to the fly ash reaction. This occurred because the pumicite
was more reactive than fly ash after 28 days, which is consistent with previous research (91). It
should be noted that due to the uncertain future availability of the fly ash, lower 28-day
compressive strengths for pumicite mixtures may need to be accommodated to realize the long-
term benefits of the natural pozzolan.

Although results from 56-day compression tests showed that replacing silica fume with pumicite
or metakaolin decreased 56-day compressive strengths, mixtures with up to 50% replacement of
silica fume had 56-day compressive strengths greater than 20,000 psi (137.9 MPa) indicating that
long-term benefits of these mixtures are probably worth evaluating.

Comparing mixture S9-M9-G2 and mixture S9-M9-G12 shows that replacing 10% of the portland
cement in mixture S9-M9-G2 with GGBFS (after full replacement of the fly ash and partial

27



replacement of the silica fume) reduced the seven-, 28-, and 56-day compressive strengths by 14.6,
14.3, and 3.0%, respectively. This shows that GGBFS is substantially less reactive than portland
cement in the first 28 days and that GGBFS needs more time to produce compressive strengths
comparable to the cement that it replaced.

5.3. Flexural Tests

Figure 16 shows a representative plot of load versus deflection from a flexural test in this study.
UHPC reinforced with fibers is generally classified as strain-hardening fiber-reinforced concrete,
which means fibers that bridge cracks provide post-cracking strength equal to or greater than the
first-cracking strength (3). In this study, the first crack occurred at point “A” causing load to
decrease briefly. However, fibers bridging the initial crack allowed load to increase to the value at
point “B” where the ultimate load occurs. After point “B”, load remained elevated while
substantial displacement continued to occur, which indicates substantial ductility and toughness in
the UHPC.
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Figure 16. Load-deflection curve (mixture S10-F5-N5).

Table 8 presents average flexural properties from each mixture. In this work, all mixtures using
pumicite, metakaolin, or GGBFS to replace fly ash (but not silica fume) had first peak (MOR) and
peak strength (ultimate strength) values greater than 2685 psi (18.50 MPa) and 2800 psi (19.30
MPa), respectively, which were comparable to those for the control mixture (S10-F10). The
greatest MOR and peak strength were obtained from mixture S10-N5-M5 where replacing 100%
of the fly ash in the control mixture with a combination of pumicite and metakaolin increased
MOR and peak strength values by 10.7 and 13.9%, respectively.
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Table 8. Flexural strength results.

Mixture Name MOR Peak Strength  Residual Residual Toughness
psi (MPa) psi (MPa) Strength (feoo)  Strength (fiso) in-Ib (J)
psi (MPa) psi (MPa)
S10-F10 (Control Mixture) 2705 (18.65) 2835 (19.55) 2690 (18.55)  1575(10.85) 590 (67)
S10-F5-N5 2910 (20.05) 3085 (21.25) 2950 (20.35) 1625 (11.20) 620 (70)
S10-F2.5-N7.5 2795 (19.25) 3020 (20.80) 2865 (19.75) 1605 (11.05) 620 (70)
$10-N10 2720 (18.75) 2900 (20.00) 2710 (18.70)  1475(10.15) 590 (67)
S10-F5-M5 2825 (19.50) 3030 (20.90) 2910 (20.05) 1490 (10.25) 600 (68)
S10-F2.5-M7.5 2785 (19.20) 2975 (20.50) 2840 (19.60) 1445 (9.95) 590 (67)
S10-M10 2735 (18.85) 2960 (20.40) 2825 (19.50) 975 (6.70) 560 (63)
S10-F8-G2 2700 (18.60) 2825 (19.50) 2675 (18.45) 1550 (10.70) 590 (67)
S10-F6-G4 2685 (18.50) 2800 (19.30) 2600 (17.95) 1490 (10.25) 580 (66)
S10-N5-M5 2995 (20.65) 3230 (22.25) 3165 (21.80) 1700 (11.70) 660 (75)
S10-N2-M6-G2 2830 (19.50) 3065 (21.15) 2935 (20.25) 1540 (10.60) 640 (72)
S9-M9-G2 2815 (19.40) 3025 (20.85) 2905 (20.50) 1385 (9.55) 600 (68)
S9-M9-G12 2455 (16.95) 2610 (18.00) 2430 (16.75) 1370 (9.45) 530 (60)
§7.5-N2.5-M10 2280 (15.70) 2465 (17.00) 2365 (16.30) 1330 (9.15) 500 (56)
§7.5-M12.5 2245 (15.50) 2380 (16.40) 2185 (15.05) 1290 (8.90) 460 (52)
S5-M15 2060 (14.20) 2185 (15.05) 1980 (13.65) 875 (6.05) 430 (49)

However, increasing pumicite content from 5 to 10% in mixtures S10-F5-N5, S10-F2.5-N7.5, and
S10-N10 reduced MOR and peak strength values by 6.5 and 6.0%, respectively. Similarly,
comparing mixtures S10-F5-M5, S10-F2.5-M7.5, and S10-M10 indicates that increasing
metakaolin content from 5 to 10% slightly decreased MOR and peak strength values by 3.2 and
2.3%, respectively. Additionally, increasing GGBFS content from 2 to 4% in mixtures S10-F8-G2
and S10-F6-G4 decreased MOR and peak strength values by 0.6 and 0.9%, respectively. The
residual strengths (feoo and fiso) present similar trends to those presented by MOR and peak
strength. This trend of decreasing MOR, peak, and residual strengths values with increasing
pumicite, metakaolin, and GGBFS contents is consistent with the trend observed for 28-day
compressive strengths. However, MOR and peak strength of the pumicite, metakaolin, and
GGBFS mixtures were still comparable to the control (fly ash) mixture. This shows that pumicite,
metakaolin, and GGBFS can be promising alternatives for fly ash in terms of flexural strength.

Replacing silica fume with alternative SCMs (after replacing 100% of the fly ash) significantly
reduced MOR and peak strength values. Replacing 25% of the silica fume with pumicite (S7.5-
N2.5-M10), replacing 25% of the silica fume with metakaolin (S7.5-M12.5), and replacing 50%
of the silica fume with metakaolin (S5-M15), by modifying the proportions from mixture S10-
M10, reduced MOR values by 16.6, 17.9, and 24.7%, respectively. Additionally, the reductions
for peak strength were 16.7, 19.6, and 26.2%, respectively. Although the MOR and peak strength
values for mixtures S7.5-N2.5-M10, S7.5-M12.5, and S5-M15 were greater than 2000 psi (13.80
MPa), which should be considered an acceptable flexural strength for UHPC, these relatively large
reductions in MOR and peak strength should be considered when attempting to replace silica fume
in UHPC mixture proportions.

Replacing 10% of the portland cement in mixture S9-M9-G2 with GGBFS, after full replacement
of the fly ash and partial replacement of the silica fume in the control mixture with a combination
of metakaolin and GGBFS, to produce mixture S9-M9-G12 reduced MOR and peak strength
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values by 12.8 and 13.3%, respectively. This indicates that replacing portland cement with GGBFS
in UHPC mixtures should be implemented with caution.

Overall, replacing 100% of the fly ash with either pumicite, metakaolin, or a combination of
pumicite and metakaolin improved MOR and peak strength while providing comparable
toughness, indicating that these SCMs appear to be suitable replacements for fly ash. However,
replacing 25 or 50% of the silica fume (after replacing all of the fly ash) with either pumicite or
metakaolin as well as replacing 10% of the portland cement with GGBFS (after replacing all of
the fly ash and 10% of the silica fume) substantially decreased MOR, peak strength, and toughness,
indicating that flexural strength should be considered when replacing silica fume or portland
cement with alternative SCMs in UHPC.

5.4. Shrinkage

Table 9 and Figure 17 present average 28- and 56-day shrinkage results of three prisms from each
UHPC mixture. Immediately after demolding, shrinkage monitoring was initiated and continued
for 56 days (28 days of moist curing followed by 28 days of air curing). Results indicated that the
greatest shrinkage occurred in mixture S10-F6-F4 where 28- and 56-day shrinkage values were
312 ustrain and 406 pstrain, respectively, showing that all of the UHPC mixtures had shrinkage
values less than the maximum permissible value of 500 ustrain that is acceptable to many
transportation agencies. The fact that the UHPC mixtures produced in this study had little
susceptibility to shrinkage is consistent with observations from other researchers (46, 91). Since
UHPC mixtures contain high cementitious materials content, it was expected that shrinkage values
would be greater than what were observed in this study. However, it appears that steel fibers
provide internal restraint and the low w/cm causes incomplete hydration of the cementitious
materials which led to the limited shrinkage.

Table 9. Shrinkage test results.

Mixture 28-day Shrinkage  56-day Shrinkage
(pstrain) (pstrain)
S10-F10 (Control Mixture) 270 371
S10-F5-N5 242 317
S10-F2.5-N7.5 223 290
S10-N10* NA NA
S10-F5-M5 231 286
S10-F2.5-M7.5 190 242
S10-M10 198 229
S10-F8-G2 293 377
S10-F6-G4 312 406
$10-N5-M5 185 215
S10-N2-M6-G2 198 248
S9-M9-G2 202 238
S9-M9-G12* NA NA
S7.5-N2.5-M10 229 273
S7.5-M12.5 217 260
S5-M15* NA NA

* Not tested since the mixture did not meet UHPC requirements.
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Figure 17. Shrinkage test results.

Results also showed that replacing 75% of the fly ash in the control mixture with pumicite (S10-
F2.5-N7.5), replacing 100% of the fly ash in the control mixture with metakaolin (S10-M10), and
replacing 100% of the fly ash in the control mixture with a combination of pumicite and metakaolin
(S10-N5-Mb5) reduced 56-day shrinkage by 21.8, 38.3, and 42.0%, respectively. Additionally,
increasing pumicite from 5 to 7.5% in mixtures S10-F5-N5 and S10-F2.5-N7.5 or increasing
metakaolin from 5 to 10% in mixtures S10-F5-M5, S10-F2.5-M7.5, and S10-M10 decreased
shrinkage. These trends can be attributed to pumicite and metakaolin particles being much smaller
(greater surface area) than fly ash particles (Table 4) and causing greater refinement of the capillary
pores that reduces drying shrinkage by obstructing evaporation of capillary water (46). Another
mechanism to reduce shrinkage is the slow reactivity of the pumicite that can delay shrinkage until
the skeletal structure has formed and helps restrain shrinkage.

Replacing 40% of the fly ash in the control mixture with GGBFS (S10-F6-G4) increased 28- and
56-day shrinkage by 15.6 and 9.4%, respectively. This can be attributed to GGBFS being more
angular and slightly larger than the spherical fly ash particles, which can lead to less refinement of
the capillary pores. These results also show that the relative increase in shrinkage caused by using
GGBFS decreases with time.

Comparing mixtures S7.5-N2.5-M10 and S7.5-M12.5 with mixture S10-M10 shows that adding
pumicite or more metakaolin to replace 25% of the silica fume in the control mixture (after
replacing all of the fly ash in the control mixture with metakaolin to produce mixture S10-M10)
increased 56-day shrinkage by 19.2 and 13.5%, respectively. This indicates that replacing silica
fume with pumicite or metakaolin increases shrinkage, which is consistent with arguments from
other researchers that silica fume with smaller particles (greater surface area) than pumicite and
metakaolin is better for limiting shrinkage by filling capillary pores and blocking pathways for
evaporating capillary water (46).
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5.5. Freezing and Thawing

Results for freezing and thawing tests are presented in Table 10 and Figure 18. The results show
that DF for all UHPC mixtures were greater than 105 and the greatest DF values (109) were
produced by mixtures S10-M10 and S10-N5-M5. This shows that all of the UHPC mixtures were
resistant to degradation caused by freezing and thawing cycles, regardless of SCM type. Other
researchers have also shown that UHPC has excellent resistance to freezing and thawing (92).

The results also show that RDM values increased slightly during the freezing and thawing cycles
which can be attributed to specimens containing un-hydrated cementitious materials that were able
to react throughout the duration of the test causing an increase in dynamic modulus (3, 92).
However, RDM values for all UHPC mixtures were comparable and replacing fly ash or silica
fume in the control mixture with pumicite, metakaolin, GGBFS, or a combination of these SCMs
did not significantly change the RDM and DF values. This shows that pumicite, metakaolin, and
GGBFS all appear to be suitable replacements for fly ash and silica fume in terms of frost
resistance.

Table 10. Freezing and thawing test results.

Mixture DF (300-cycle RDM)
S10-F10 (Control Mixture) 105
S10-F5-N5 106
S10-F2.5-N7.5 106
S10-N10* NA
S10-F5-M5 106
S10-F2.5-M7.5 107
S10-M10 109
S10-F8-G2 105
S10-F6-G4 106
S10-N5-M5 109
S10-N2-M6-G2 106
S9-M9-G2 107
S9-M9-G12* NA
S7.5-N2.5-M10 107
S7.5-M12.5 106
S5-M15* NA

* Not tested since the mixture did not meet UHPC requirements.
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Figure 18. Freezing and thawing test results.

5.6. Rapid Chloride Permeability Test
Chloride ion permeability of each UHPC mixture was evaluated with RCPTs at 56 days since
ASTM C1202 (83) recommends a minimum of 56-day moist curing prior to performing RCPTs
on specimens containing SCMs. This is because testing at 56 days allows slow reacting SCMs to
react more completely and provides a better indication of the long-term chloride ion permeability
of concrete mixtures containing SCMs. Average 56-day RCPT results from each UHPC mixture
are presented in Table 11 and Figure 19. RCPT results showed that total charge passed for all
UHPC mixtures were in the range of 119 to 165 coulombs. All these RCPT results indicate “very
low” chloride ion penetration since they are between 100 and 1000 coulombs (83).

Table 11. RCPT results.
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Mixture

Total Charge Passed

Coefficient of Variation

(Coulombs) (%)
S10-F10 (Control Mixture) 165 2.2
S10-F5-N5 142 2.6
S10-F2.5-N7.5 136 14
S10-N10* NA NA
S10-F5-M5 135 0.9
S10-F2.5-M7.5 124 15
S10-M10 119 2.1
S10-F8-G2 162 11
S10-F6-G4 155 2.0
S10-N5-M5 122 15
S10-N2-M6-G2 121 2.0
S9-M9-G2 125 24
S9-M9-G12* NA NA
S7.5-N2.5-M10 162 15
S7.5-M12.5 160 0.8
S5-M15* NA NA

* Not tested since the mixture did not meet UHPC requirements.
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Figure 19. RCPT results.

Generally, replacing fly ash with any of the alternative SCMs in this study decreased total charge
passed (chloride ion permeability). Replacing 75% of the fly ash in the control mixture with
pumicite (S10-F2.5-N7.5), with metakaolin (S10-F2.5-M7.5), or replacing 40% of the fly ash in
the control mixture with GGBFS (S10-F6-G4) decreased chloride ion permeability by 17.6, 24.8,
and 6.1%, respectively. However, the greatest reductions in total charge passed was produced by
mixtures S10-M10 (27.9%), S10-N2-M6-G2 (26.7%), and S10-N5-M5 (26.0) when all of the fly
ash in the control mixture was replaced with metakaolin or a combination of pumicite, metakaolin,
and GGBFS. These results are consistent with observations of pumicite and metakaolin causing
reduced chloride ion permeability by other researchers (46, 91, 93) that attribute the reduced
chloride ion permeability to the SCMs forming additional secondary CSH as well as the fineness
of pumicite and metakaolin particles filling pore space that leads to lower permeability.

Increasing pumicite content from 5 to 7.5% (in mixtures S10-F5-N5 and S10-F2.5-N7.5),
increasing metakaolin content from 5 to 7.5% (in mixtures S10-F5-M5 and S10-F2.5-M7.5), and
increasing GGBFS content from 2 to 4% (in mixtures S10-F8-G2 and S10-F6-G4) reduced total
charge passed by 4.2, 8.1, and 4.3%, respectively, indicating that metakaolin appeared to be more
effective than pumicite and GGBFS at improving chloride ion penetration resistance. This is
attributed to the metakaolin particles being finer than the fly ash, pumicite, and GGBFS particles
which facilitates a more refined pore system.

After replacing all of the fly ash in the control mixture with metakaolin, replacing 25% of the silica
fume in the control mixture with pumicite (S7.5-N2.5-M10) or metakaolin (S7.5-M12.5) increased
total charge passed to 162 and 160 coulombs, respectively, compared to 119 coulombs for mixture
S10-M10. This indicates that replacing silica fume with pumicite or metakaolin increased chloride
ion penetration, most likely due to the pumicite and metakaolin particles being larger than silica
fume particles (Table 4) and producing less refined capillary pores (46). Overall, the results show
that pumicite (natural pozzolan), metakaolin, and GGBFS appear to have the potential to partially
or completely replace fly ash and silica fume in UHPC mixtures in terms of chloride ion
permeability.
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It should be noted that ASTM C1202 (83) warns that specimens containing steel fibers or other
embedded electrically conductive materials may produce erroneous RCPT results with high total
charge passed. However, the low values obtained in this research (less than 165 coulombs) indicate
that it is unlikely that a conductive path was created between the two ends of the specimens used
in this study. Other researchers have also reported that steel fibers in UHPC are generally
discontinuous and do not provide a direct path to complete an electric circuit (3).

5.7. Surface Resistivity

Surface resistivity tests were also performed on UHPC mixtures at 56 days. Average 56-day
surface resistivity test results are presented in Table 12 and Figure 20 and ranged between 15.2
kQ-in (386 kQ-mm) and 23.7 kQ-in (603 kQ2-mm), indicating that the chloride ion penetration for
all of the UHPC mixtures were “very low” according to AASHTO T 358 (84). These results
matched well with the RCPT results where all of the UHPC mixtures were classified as having
“very low” chloride ion penetration, which is also consistent with other researchers (46, 91).
Similar to ASTM C1202 (83), AASHTO T 358 (84) states that the presence of steel fibers or other
embedded electrically conductive materials may significantly decrease surface resistivity.
However, since relatively large surface resistivity values were obtained (greater than 15.2 kQ-in
[386 k©2-mm]) and the results were consistent with the RCPT results, it appears that the steel fibers
were adequately dispersed and discontinuous so that there were no conductive paths between the
Wenner probe pins.

Table 12. Surface resistivity results.

Mixture Surface Resistivity Coefficient of Variation
kQ-in (kQ-mm) (%)
S10-F10 (Control Mixture) 15.2 (386) 14.8
S10-F5-N5 16.7 (424) 20.8
S10-F2.5-N7.5 18.2 (463) 14.4
S10-N10* NA NA
S10-F5-M5 17.2 (437) 16.8
S10-F2.5-M7.5 20.5 (520) 18.9
S10-M10 23.7 (603) 8.7
S10-F8-G2 15.6 (395) 14.5
S10-F6-G4 16.2 (412) 13.1
S10-N5-M5 18.0 (458) 15.9
S10-N2-M6-G2 17.0 (431) 16.1
S9-M9-G2 23.0 (584) 13.8
S9-M9-G12* NA NA
S7.5-N2.5-M10 17.1 (435) 14.2
$7.5-M12.5 17.3 (440) 10.2
S5-M15* NA NA

* Not tested since the mixture did not meet UHPC requirements.
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Figure 20. Surface resistivity test results.

Similar to RCPT results, replacing fly ash with any of the alternative SCMs used in this study
increased surface resistivity (decreased chloride ion permeability). However, the greatest
improvement in chloride ion permeability occurred when all of the fly ash in the control mixture
was replaced with metakaolin (S10-M10) with a surface resistivity value of 23.7 kQ-in (603 kQ-
mm).

Increasing pumicite content from 5 to 7.5% in mixtures S10-F5-N5 and S10-F2.5-N7.5, increasing
metakaolin content from 5 to 7.5% in mixtures S10-F5-M5 and S10-F2.5-M7.5, and increasing
GGBFS content from 2 to 4% in mixtures S10-F8-G2 and S10-F6-G4 increased surface resistivity
by 9.0, 19.2, and 3.8%, respectively, indicating that pumicite, metakaolin and GGBFS can improve
resistance to chloride ion penetration which is consistent with the RCPT results. Increasing
resistance to chloride ion penetration with increasing pumicite, metakaolin, and GGBFS content
is attributed to the greater density and refined capillary pores caused by fine particles of pumicite,
metakaolin, and GGBFS compared to the fly ash (46). Similar to the RCPT results, metakaolin
was more beneficial than pumicite due to the metakaolin particles being smaller than pumicite
particles (Table 4).

Comparing mixtures S7.5-N2.5-M10 and S7.5-M12.5 with mixture S10-M10 shows that replacing
25% of the silica fume in mixture S10-M10 with pumicite or metakaolin (having already replaced
all of the fly ash with metakaolin) reduced surface resistivity by 27.8 and 27.0%, respectively. This
indicates that replacing silica fume with pumicite or metakaolin increased chloride ion penetration,
which is also consistent with the RCPT results. Increasing chloride ion penetration with decreasing
silica fume content is again attributed to the larger pumicite and metakaolin particles (than silica
fume) producing less refined capillary pores (46).

5.8. RCPT and Surface Resistivity Test comparison

RCPT and surface resistivity test results consistently indicated that replacing fly ash with pumicite,
metakaolin, or GGBFS decreased permeability while replacing silica fume with pumicite or
metakaolin increased permeability. This consistency between the RCPT and surface resistivity test
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results, in combination with the results being consistent with results from other researchers, show
that both tests appear to be valid for assessing chloride ion permeability of UHPC containing steel
fibers. However, the coefficients of variation for the surface resistivity test results (Table 12) were
much greater than the maximum permissible value of 6.3% specified by AASHTO T 358 (84) for
a single operator, while coefficients of variation for the RCPT results (Table 11) were acceptable
according to ASTM C1202 (83). The high variation for the surface resistivity tests was most likely
caused by the steel fibers, however, additional research would be need to performed to verify this.

Comparing the RCPT and surface resistivity tests also shows that the surface resistivity test has
several advantages. These advantages include:

1. A surface resistivity test takes approximately 30 minutes to perform, whereas a RCPT
requires approximately 30 hours to pre-condition a sample and run the test.

2. Surface resistivity tests can be conducted in-situ, while the RCPT requires a sample to be
cut from a concrete specimen or member and the test can only be performed under
laboratory conditions.

3. Surface resistivity can be measured at low voltages, and this voltage is only applied for
brief periods. This avoids errors resulting from heating of the concrete that can occur during
a RCPT (94).
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6. CONCLUSIONS
Based on the research conducted during the course of this project, the following conclusions were

drawn:

1.

10.

11.

Workability of all mixtures containing pumicite, metakaolin, or GGBFS was consistent
enough to achieve the targeted workability in no more than two attempts.

Pumicite was able to replace up to 75% of the fly ash in the control mixture and metakaolin
was able to replace up to 100% of the fly ash and 25% of the silica fume in the control
mixture while producing 28-day compressive strengths greater than 17,000 psi (120 MPa).
However, replacing 10% of the cement with GGBFS did not produce acceptable
compressive strength.

Mixtures with low 28-day compressive strength (less than 17,000 psi [120 MPa]) had 56-
day compressive strengths that were greater than 20,000 psi (137.9 MPa) indicating that
lower 28-day compressive strengths may need to be accommodated to realize the long-
term benefits of some alternative SCMs.

All specimens containing pumicite, metakaolin, or GGBFS as a replacement for fly ash or
silica fume had toughness values greater than 430 in-1b (49 J) and flexural strengths greater
than 2000 psi (13.80 MPa), which should be considered acceptable for UHPC.

All UHPC mixtures produced in this study had little susceptibility to shrinkage, as
indicated by 56-day shrinkage values that were no greater than 406 pstrain.

All UHPC mixtures had DF values of at least 105 after 300 cycles of freezing and thawing,
indicating that UHPC mixtures produced in this study were extremely resistant to freezing
and thawing.

RCPT and surface resistivity test results were similar and showed that chloride ion
penetration for all UHPC mixtures was “very low.”

Increasing pumicite, metakaolin, and GGBFS contents to replace fly ash (not silica fume)
decreased drying shrinkage and chloride ion penetration.

After replacing 100% of the fly ash in the control mixture with alternative SCMs, a further
increase in pumicite or metakaolin content to replace silica fume resulted in increased
drying shrinkage and chloride ion penetration, most likely due to unrefined capillary pore
systems produced by pumicite and metakaolin particles that were larger than the silica fume
particles.

Overall, the results showed that pumicite (natural pozzolan), metakaolin, and GGBFS can
be incorporated into UHPC mixtures to replace fly ash without substantial loss of strength
and can even improve durability characteristics such as shrinkage, frost resistance, and
permeability.

Mixtures using pumicite or metakaolin to partially replace silica fume (after replacing all
of the fly ash with metakaolin) had better durability properties than the control mixture but
showed decreasing durability and strengths properties with decreasing silica fume content.
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