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EXECUTIVE SUMMARY

Introduction:

Ultra-high performance concrete (UHPC) has drawn the attention of researchers and
practitioners because of its unique properties that make it particularly well-suited for infrastructure
applications. The US Federal Highway Administration (FHWA) and multiple state Departments
of Transportation (DOTs) have exhibited strong interest in UHPC and its application to bridges.
For example, the third round of the FHWA Every Day Counts (EDC-3) program focused on
demonstrating the advantages that UHPC offers for connecting prefabricated bridge elements

(FHWA 2017). The fourth round of the program, EDC-4, will focus on that general theme as well.

The vast majority of field usage of UHPC in the US, to date, has employed pre-packaged,
proprietary materials. A previous project funded by MDOT developed a generic, cost-optimized
UHPC mix (named MI-UHPC) that performed exceptionally well in the lab but was not well-
suited for field implementation. This project explored the reasons why the generic UHPC mix did
not scale up. In addition and in order to achieve truly generic UHPC technology, this project also
proposed a family of mixes with components sourced from a variety of local suppliers. One of
these mixes was used in the Kilgore Road Bridge Restoration Project on the Pine River in
Kenockee, Michigan and is one of the earliest field applications of a non-proprietary blend of
UHPC in the US. It is hoped that this research will spur commercial production and utilization of

non-proprietary UHPC and broaden its appeal and range of application.



Objectives:

The objective of this project was to systematically investigate the characteristics of non-
proprietary UHPC, while considering cost optimization, feasibility of field construction, and
providing relevant information for the development of a special provision for field use of UHPC.
Specific research objectives were: 1) Investigate why the earlier UHPC mix did not scale up for
field application; 2) Conduct further optimization studies of fibers and cementitious components,
to determine the range of material properties that will lead to a successful larger scale mix
regardless of potential sources of key ingredients; 3) Provide material properties for engineering
design and specifications; and 4) Demonstrate constructability of the mix on large scale closure

pours in a field environment.

Summary of Research:

This research examined the fresh, short-term, and long-term properties of generic UHPC
made from components sourced from a variety of suppliers. The research also investigated the
effect of the activity level of slag cement, which is a key component of UHPC, and the impact of
slag cement content on UHPC properties. The material tests conducted included workability,
hydration heat, autogenous shrinkage, rapid chloride penetration, freeze-thaw, air void distribution
as well as compression and direct tension testing. Steel fibers with two different aspect ratios were
also investigated and the possibility of replacing steel fibers with polyethylene fibers was explored.
A field application that implemented one of the mixes in the Kilgore Road Bridge Restoration

Project on the Pine River in Kenockee, Michigan led to valuable lessons for field production and



casting of generic UHPC. Recommended special provisions for commercial production of UHPC

were proposed.

Summary of Results:

Field efforts to mix generic UHPC in an earlier project failed for four key reasons: 1) the
silica fume used in the field had a high carbon content, which drove up water demand, 2) the
dosage of the high range water reducer (HRWR) was too low to compensate for the higher water
demand, making mixing more difficult, 3) the silica fume was a densified product that posed an
additional challenge for the mixer as it tried to deagglomerate the material and sufficiently disperse
it during dry mixing, and 4) the field mixer did not have sufficient capacity to induce turnover in

the wet mix, compromising the mixing process.

Results from this research project showed that generic UHPC can be successfully mixed
using components sourced from a variety of suppliers as long as a proper HRWR dose is selected.
Too low of a dose will prevent the mix from turning over as in the earlier project. Increasing the
HRWR dose can lead to mildly lower mechanical properties but does not compromise the long
term properties of UHPC. Too high of a dose can lead to fiber segregation, which is undesirable
and should be avoided. An appropriate HRWR dosage can be identified through field trial batches
in order to achieve a mix that meets the required performance criteria and can be mixed in the

field.

With few exceptions, the 28-day compressive strength and peak tensile strength of all
mixtures (sourced from the various suppliers considered in this work) were higher than 21.7 ksi

(150 MPa) and 1.2 ksi (8.3 MPa), respectively, fulfilling the minimum requirement for field-cast



UHPC. The material testing program showed that partial replacement of cement by slag cement
can improve the workability of UHPC paste, lead to favorable self-consolidating characteristics
and reduce air voids and porosity, which is beneficial for the durability of UHPC. A new mixing
protocol reduces the burden on field mixers and allows for larger mix loads in the field. This project

demonstrated conclusively that field application of truly generic UHPC technology is feasible.

The Promise of UHPC - An Opportunity for the State of Michigan:

The extremely high freeze-thaw resistance, negligible chloride penetration, and ability to
mobilize the material’s strain hardening response in tension to limit crack width, suggests that
UHPC structures can be extremely long-living and low maintenance at the same time. The
material’s characteristics open up new applications, such as ultra-long span structures, and offer
an opportunity to build the next generation of infrastructure that is significantly more robust,
resilient and sustainable. Although this project investigated field cast applications of UHPC and
successfully executed them, it is obvious that UHPC is better suited for precast construction, where

mixing can be conducted under controlled conditions in a plant.

Even though it is still a nascent material and expensive with respect to regular concrete,
UHPC usage in the US is growing exponentially. The Michigan Department of Transportation is
one of the earliest DOTs to investigate production and implementation of generic UHPC.
Encouraging growth in UHPC usage will encourage growth in the demand for steel fibers, which
are a key component of UHPC. AS UHPC usage grows, the State of Michigan, with its strong
manufacturing base, could become a leader in steel fiber production, opening up manufacturing

opportunities and leading to the creation of new jobs in this burgeoning technology.



1. INTRODUCTION

1.1.  What is Ultra-High Performance Concrete (UHPC)?

Ultra-high performance concrete (UHPC) is a cementitious material that achieves a
compressive strength of at least 21.7 ksi (150 MPa) and has self-consolidating properties (Wille et
al. [1], Graybeal [2]; Wille et al. [3-4]). It is comprised of component materials with particle sizes
and distributions carefully selected to maximize packing density [5,6]. The high packing density,
which means that constituent particles are arranged as compactly as possible, is the reason for the
extremely high mechanical and durability properties of the material. Another key feature of UHPC
is that it is reinforced with a small percentage by volume (typically 1% to 2%) of short steel fibers.
Changes in the type and quantity of steel fibers directly affect the ductility, durability, strength and

energy dissipation capacity of the material (Wille et al. [1,3,4]; Kim [7-15]; Pyo [16-20]).

The US Federal Highway Administration (FHWA) and multiple state Departments of
Transportation (DOTs) have exhibited strong interest in UHPC and its application to bridges. For
example, the third round of the Every Day Counts (EDC-3) program focused on demonstrating the
advantages that UHPC offers for connecting prefabricated bridge elements (FHWA 2017). The

fourth round of the program, EDC-4, will focus on that general theme as well.

The use of UHPC as a field-cast material is not new, but most of the experience has been
with proprietary materials. Proprietary UHPC has been used in Europe [21] and across the US,
particularly for field-cast connections as outlined in [22]. A common thread in UHPC applications
is that the required volume of material is not large, primarily because proprietary UHPC is
expensive. UHPC must be purchased from specific suppliers and the contractors that work with it

must be specially trained and certified, further increasing the cost per cubic yard. In a 2016
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Michigan Department of Transportation project that required 8 cubic yards of proprietary UHPC,
the total cost for the project was estimated at $5,500 per cubic yard. This included about $2,500
per cubic yard for purchase of the material itself. The other $3,000 per cubic yard was for the

specialized construction and technical services required by the supplier.

In a previous effort funded by MDOT [5], the PIs had developed a non-proprietary UHPC
mixture that doesn’t require specialized crews or curing procedures. The resulting material had
performance characteristics similar to the commercially available material as discussed in
numerous publications (Wille et al. [3,4,23,24], Pyo et al. [16,17,25] and Alkaysi et al [6, 26]).
However, although the material could be mixed successfully in the lab, the mixing process could
not be scaled up to permit field application. This project examines the challenges associated with

field mixing and investigates the reasons behind the failed batches.

1.2.  Research Objectives
The objectives of this research project are as follows:

e Investigate the failed mix attempts in the previous MDOT project and through further
optimization studies of fibers and cementitious components, determine range of
material properties that will lead to a successful larger scale mix regardless of
potential sources of key ingredients.

e Provide material properties for engineering design (minimum strength, for example)
and specifications.

e Demonstrate constructability of the mix on large scale closure pours in a field

environment.



1.3.  Organization of the Report

The main body of the report is preceded by detailed contents including lists of figures and
tables. This is followed by an introduction giving briefly the scope and objectives of the study and

importance of the topic.

e Chapter 2 provides background information about UHPC and discusses the literature.

e Chapter 3 outlines development of non-proprietary UHPC mixes geared for field
applications. The chapter discusses the sources, selection and characteristics of
UHPC ingredients. It also discusses various mixing protocols and the effect of
different mixing parameters on the fresh properties of UHPC.

e Chapter 4 addresses the test procedures and methods used to characterize the
properties of the various UHPC mixes used in this research.

e Chapter 5 presents and discusses the extensive test results obtained during the course
of this project.

e Chapter 6 reports on a successful field mixing effort to cast UHPC bridge joints. The
chapter presents information on the bridge site and how the field mix differed from
the lab one. It also reports on the lessons gained from the field experience.

e Chapter 7 provides a summary of the research, the most important conclusions and

future work.



2. BACKGROUND AND LITERATURE REVIEW

This chapter provides background information about UHPC and discusses the literature. It
starts with a review of the historical development of UHPC and follows up with a discussion of
the material’s key ingredients and their properties. A review of mixing procedures used by others

is also provided.

2.1.  Development of UHPC

Researchers around the world have been trying for decades to develop cement-based
materials with exceptionally high performance. Macro defect free (MDF) cement, which is a blend
of hydraulic cement and water-soluble polymer, was one of the first trials. The material was
formulated such that large voids or defects in the hardened cement product were minimized,
resulting in a compressive strength that exceeded 43.5 ksi (300 MPa) [27]. Another noteworthy
product is densified small particles (DSP) concrete, where micro silica was introduced to fill the
voids between cement particles in order to maximize the density of the concrete mixture.
Superplasticizer was used to ensure workability and it was shown that the material could achieve
compressive strengths of up to 36.3 ksi (250 MPa) [28]. It was observed that the cementitious
matrix of DSP became more brittle as its strength increased. To address this undesirable response
and make the material more ductile, Bache introduced high-strength aggregates and steel fibers
into the concrete matrix. The composite reached a compressive strength of 65.3 ksi (450MPa) and

was named compact reinforced composites (CRC) concrete [29].

Slurry infiltrated fiber concrete (SIFCON) is a type of fiber-reinforced concrete, but its
production method is very different from that of regular fiber-reinforced concrete. Regular fiber-

reinforced concrete is usually produced by adding short discontinuous fibers to fresh concrete prior
8



to casting. SIFCON, however, is produced by placing long, continuous fibers into the empty mold
first. Compared to regular fiber reinforced concrete where the fiber content is usually 2% - 6% by
volume, the fiber content in SIFCON could be as high as 20% by volume. The placed fibers were
then infiltrated with a cement slurry [30,31]. Although MDF, DSP and SIFCON all have excellent
performance, their complicated production processes and high cost prevented their widespread use

in industry.

Richard et al. [32,33] used finer and more reactive components to formulate reactive
powder concrete (RPC). RPC is based on the principle of improving homogeneity by eliminating
coarse aggregates, optimizing particle packing density, and applying heat and pressure before and
during setting. Steel fibers with 0.5 inch (13 mm) length and 0.006 inch (0.15 mm) diameter were
used to enhance the ductility of the composite. The performance of RPC was shown to depend on
the type of aggregates used and curing methods applied. The highest performing RPC exhibited a
compressive strength of up to 116 ksi (800 MPa) and had tensile flexural strength of up to 8.7 ksi
(60 MPa). At about the same time RPC was proposed, de Larrard [34] employed optimized
particle-packing and used a special selection of fine and ultrafine particles to develop a low
porosity, high durability, and self-compacting concrete. The optimized particle-packing was

theorized to be the reason behind the material’s high compressive strength and durability.

Combining concepts from DSP and RPC, early versions of ultrahigh performance concrete
(UHPC) were based on the ideas of eliminating coarse aggregates and optimizing particle packing
density. They also required special mixing techniques and the application of heat, steam or
pressure treatment before and during setting. These onerous requirements, which substantially
increased cost, hindered the broad adoption of UHPC by industry, especially for field applications.
Subsequent research since then has focused on eliminating these requirements, with many
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successes reported [4,35]. These successes have enabled a multitude of UHPC applications in
Europe [36], North America [37-41], and Malaysia [42-44]. The following sections review
previous research on selection of raw materials, evolution of mixing methods and their influence

on the microstructural characteristics, mechanical properties, and durability of UHPC.

2.2.  Material Constituents

UHPC formulations are usually composed of ordinary Portland cement, fine aggregates,
supplemental materials, high-range water-reducing admixture (HRWR), and steel fibers. [38]. The
combination of these ingredients creates a dense packing matrix that increases the rheology and

mechanical properties of the UHPC.

2.2.1 Portland Cement

Previous studies [26,45] have shown that cement for UHPC should have a low alkali
content and low to medium fineness. To facilitate strength development, cement with a higher total
content of tricalcium citrate (C3S) and dicalcium citrate (C2S) were usually selected. Tricalcium
citrate (C3S) rapidly hardens and is primarily responsible for initial set and early strength. In
general, the early strength of Portland cement concrete grows with an increase in the C3S content.
Dicalcium citrate (C2S) hardens more slowly, but contributes significantly to strength at ages
beyond 7 days. Tricalcium aluminate (C3A) provides a rapid hydration reaction and increases with

the surface area of the particles. This leads to higher water demand and greater viscosity, which

makes it challenging to reduce the w/c ratio. Sakai et al. [46] suggested that the use of cement with
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<8% of tricalcium aluminate (C3A) is preferred due to its low heat of hydration and delayed setting

time.

Various types of Portland cement have been used in the manufacturing of UHPC. However,
ASTM Types /Il and IV (ASTM CI150/C150M-17) [47] cement are the most widely used and
recommended by researchers [45,48,49]. White Portland cement is also recommended due to its
moderate C3A content and very high value of C2S+CsS [26,45]. The disadvantage of using white
cement in UHPC mix designs is that it is expensive, costing about 2.5 times the price of ordinary

Portland cement [26].

2.2.2 Aggregates

The coarse and fine aggregates used in traditional concrete form an internal skeleton that
helps support external loads. To: 1) avoid the limitations of the strength of coarse aggregate, 2)
overcome the inherent weakness between coarse aggregate and matrix, and 3) increase
homogeneity and eliminate stress concentration at the contact points between aggregates, UHPC
typically includes only fine aggregates or refined aggregates. Early trials to develop UHPC used
silica sand with a diameter of 0.016 in (400 um) [33] in an attempt to significantly decrease the
size of micro-cracks in UHPC. Wille et al. [4] investigated the bulk density of various mixtures of
two type of sands to optimize their proportion. The two sands had mean diameters of 0.0039 in
(110 um) and 0.02 in (500 um) respectively. An optimum content of finer sand ranging between
30% and 50% was noted. While partially replacing coarse sand with finer sand resulted in a higher
bulk density, it also increased the demand for water due to the larger surface area of the smaller

particles of the fine sand.
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Recent studies have shown that UHPCs containing an appropriate type and content of
coarse aggregates have certain advantages [45,48]. For example, Wille [35] noted that UHPC that
included coarse aggregate with a maximum grain size ranging from 0.27 to 0.63 inch (7 to 16 mm)
showed a slightly higher compressive strength of 25.8 ksi (178 MPa), on average, compared to its
counterpart with only fine aggregate, which reached a strength of 23.5 ksi (162 MPa). Rozalija et
al. [51] reported that concrete containing basalt aggregate had higher mechanical properties than
concrete containing limestone, which is mainly caused by the inherent strength of basalt. Ma et al.
[52] reported that adding coarse aggregates was observed to increase the elastic modulus and
change the workability of UHPC, as well as reducing its costs. Some researcher reported that
UHPC that utilized coarse aggregates exhibited reduced autogenous shrinkage compared to mixes

with only fine aggregates [53,54].

2.2.3 Supplemental Materials

Adding supplementary cementitious materials to a UHPC formulation has two advantages.
First, they provide secondary pozzolanic reaction and convert calcium hydroxide (CH) into a
calcium-silicate-hydrate (C-S-H) gel, which increases the compactness of the microstructure.
Second, due to their fineness, supplementary materials fill the voids of concrete mixtures, reducing
porosity and enhancing the mechanical and durability properties of the hardened concrete.
Commonly used supplementary materials are silica fume, glass powder, fly ash, ground granulated

blast-furnace slag (GGBS), and lime powder.

Most UHPCs contain silica fume, which is a byproduct of producing silicon metal or
ferrosilicon alloys. Silica fume has a typical median particle size of 0.2 to 1 microns and is widely

considered to be a key component of UHPC. Richard et al. [32,33] showed that the optimal content
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of silica fume in UHPC should be about 25% of Portland cement. Chan [55] demonstrated that the
best silica fume content is between 20% and 30% in terms of bonding properties between steel
fibers and the surrounding matrix. However, the cost of silica fume is relatively high and its
variable carbon content can adversely affect the fluidity of fresh UHPC. It has been shown in
different studies that ground granulated blast furnace slag (GGBS), fly ash, metakaolin, and

limestone powder, etc., can also be used to replace silica fume in UHPC [26,39, 45].

Granulated blast furnace slag (GGBS) has been used as a supplemental cementitious
material in concrete technology for many years. GGBS is a by-product material obtained from the
production of blast furnace pig iron and is composed of a mixture of iron ore soil components and
limestone flux. GGBS has pozzolanic properties and is therefore a beneficial addition from that
perspective. It also reduces porosity, the pores become finer, and the mineralogical change of the
cement hydrate leads to a decrease in the mobility of chloride ions [56]. Yazici [57] prepared RPC
with Portland cement replaced with 20%, 40%, and 60% GGBS. The compressive strength of RPC
with high volume GGBS exceeded 36.3 ksi (250 MPa) after autoclaving treatment. When external
pressure was applied during setting, the compressive strength could reach 58 ksi (400 MPa). It was
further noted that the amount of silica fume could be decreased by increasing the amount of GGBS.
Oner et al. [58] reached the same conclusion and further pointed out that after an optimum point,
at around 55% of the total binder content, the addition of GGBS does not improve compressive
strength. They also observed that the pozzolanic reaction is relatively slow and depends on the
calcium hydroxide availability. Therefore strength gain is typically slower for UHPC with GGBS

compared to regular UHPC.
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2.2.4 Superplasticizer

The use of polycarboxylate-based high range water reducer (HRWR), also known as
superplasticizer, in UHPC mixture design can significantly improve the rheological properties of
cementitious suspensions. They can have a great influence on the kinetics and solidification
characteristics of the cement hydration system. The rheological properties of fresh cementitious
paste are controlled by many factors, for example by the dispersion characteristics between
particles due to the mixing technique, amount of HRWR added, type of hydration products, particle
packing determined by particle size distribution etc. In addition, laboratory experiments have
shown that the rheological properties of certain types of cement are more sensitive to the type and

amount of HRWR used [46,59,60].

Li et al. [59] showed that the dispersion ability of HRWR is determined by its chemical
structure. They showed that the fluidity of the cementitious paste is exponentially related to the
HRWR dosages. They also noted that the fluid retaining capacity of UHPC is sensitive to the ratio
of water-to-powder and that further addition of HRWR does not increase flowability after a
saturation dosage is reached. Hirschi et al. [60] studied the effect of eight polycarboxylate based
HRWRs on the fresh and hardening properties of UHPC. They showed that using different
HRWRs resulted in a noticeable change in setting time and that that was an excellent indicator of
early strength development. The addition of HRWR also affected the processability of fresh
UHPCs. Gradual additions significantly increased the dispersion of HRWR and increased the
mobility of UHPC compared to a direct addition. This observation is supported by research in

Wille [4,45] and Graybeal [61].

In the predecessor MDOT study [5], HRWR was used in the amount of 1.35% by weight

of cement. However, because of it is sensitivity to the composition of silica fume and the activity
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of cement [62], this particular dosage is not necessarily optimal when the component materials are

sourced from different suppliers or their relative proportions change.

2.3.  Mixing procedure

The mixing procedure is more complicated for UHPC mixtures than for conventional
concrete. When preparing UHPC, careful consideration should be given to the mixing time, mixing
speed, temperature, and mixing sequence to achieve the anticipated performance [63]. Different
researchers have adopted various mixing protocols to achieve a homogeneous mixture. Wille et al.
[35] and Alkaysi [6] mixed all dry ingredients first before adding water and HRWR. Graybeal [61]
studied the influence of HRWR addition time on the properties of fresh UHPC. The HRWR was
added to the UHPC in two different ways: direct addition and stepwise addition. An enhancement
in dispersion and flowability was observed with the latter process. Hiremath et al. [64] indicated
that improved mixing techniques are beneficial in enhancing the fresh and hardened properties of
UHPC. However, as the mixing speed and duration increase, the percentage of pores in the RPC

also increases, resulting in reduced fresh and hardened properties.

Pan mixers with high energy/high shear capacity have proved useful for mixing UHPC.
Such mixers generally have a rotating blade that scrapes the material attached to the wall and
bottom of the pan during mixing and therefore produce consistent results. However, pan mixers
have a number of limitations. Among them is that they are not well suited for field construction
because they require greater input energy than regular mixers. Their volume is also typically small,
limiting the supply of UHPC. They also tend to cause the UHPC load to overheat, although that

can be alleviated by modifying the mixing sequence.
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Low shear mixers, such as rotating drum mixers, are not preferred for UHPC as they
typically produce inconsistent mix quality. Rotating drum mixers have blades fixed to the interior,
and the drum is rotated, often at an incline. Inconsistencies in mix quality can result in clumps of
unmixed dry materials in the mixture. These inconsistencies can be mitigated by using more
specialized mixing procedures, such as the half batch method used by Hale et al. [65]. In this
procedure, half the mix is batched and mixed completely before the other half of the mix is added
and mixed. Fibers are added once the entire mix becomes workable. A common ready-mix truck
is not preferred for UHPC, either, because it can also result in clumps of unmixed dry materials

[65].

The entrained air volume plays an important role in the quality control of the mix and its
performance level. Due to these unfavorable effects, researchers have shown interest in methods
to reduce the number of air bubbles. One possibility is mixing the UHPC under a reduced air

pressure as demonstrated in [66].
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3. DEVELOPMENT OF NONPROPRIETARY UHPC MIXTURES

In a project funded by MDOT, El-Tawil et al. [5] investigated the performance of several
non-proprietary UHPC mix designs with a focus on minimizing cost. The study investigated the
compressive and tensile characteristics of the hardened mixes as well as their resistance to freeze-
thaw and chloride ion penetration. The experimental variables included four different quantities of
silica fume, three different quantities of silica powder, three different cement types (white cement
Type I, Portland cement Type V, GGBS/Portland cement Type I blend) and three different fiber
volume contents (0.5%, 1.0%, and 1.5%) of straight, smooth, high strength steel fibers. The
experimental results revealed that material behavior is mostly insensitive to silica powder quantity,
suggesting that silica powder could be removed from the formula due to its high cost. It was also
shown that UHPCs containing white cement Type I exhibited the best performance in almost all
aspects of behavior including load carrying capacity, energy absorption capacity and multiple
cracking behavior. However, white cement is expensive and raised the overall cost. It was therefore
replaced with a mixture of ordinary Portland Type I cement and ground granulated blast slag
(GGBS), which was substantially cheaper and yet still gave good performance. Building upon
these results, this chapter discusses the feasibility of using locally-sourced generic ingredients with
an eye towards large-scale field blending. The chapter also discusses the effect of mixing processes

and variables on the fresh and hardened characteristics of UHPC.

3.1.  Component selection

The ingredients investigated in this project include three types of ordinary Portland Type I

cement, GGBS with two different slag activity levels, silica sands, three types of silica fumes, and
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three types of superplasticizers. Steel fibers with two different aspect ratios were also investigated

as well as replacing steel fibers with polyethylene fibers.

3.1.1. Cement

White Portland Type I cement was used in the initial development of UHPC [4] due to its
low tricalcium aluminate (C3A) and the high combination of di- and tricalcium silicate (C2S+C3S)
resulting in exceptional performance in the fresh and hardened states. However, white cement is
expensive (at $275 per ton). Research in [5,6] has shown that ordinary Portland cement Type I,
which is much cheaper (at $150 per ton), can be successfully used. Cement with high C3A tends
to produce higher heat of hydration, resulting in lower performance of the HRWR. In general, the
selected cement must have a tricalcium aluminate (C3A) content lower than 8% and a relatively
low Blaine fineness to reduce water demand during the hydration. Many suppliers in the US can

meet this requirement.

Portland Type I cement is available from several major US supplier. The various blends
balance the requirements of low alkali content, low to medium fineness, and low tricalcium
aluminate (C3A) content. Three types of Type I or II ordinary Portland cements were selected as
shown in Table 3-1, where ST is sourced from St. Marys Cement, LA from LaFargeHolcim, and

LE from Lehigh Cement Company, a division of Lehigh Hanson Inc.

The properties of the selected cements are presented in Table 3-1. The LE cement has a
substantially higher C3A than the others two, and as such, was selected to investigate the effect of
C3A on UHPC performance. In order to evaluate the average 28-day strength, mortar cubes were

made from the various cements in accordance with ASTM C109 [67]. The proportion of cement,
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standard sand, and water used in the test was 1:2.75:0.46. The result is shown in Table 3-1. The

strengths lie within a 16% range.

Table 3-1 Physical and chemical properties of cement

C2S | C3S [C2S+C3S | C3A | C4AF | Blaine | Losson | o | Avg. 28-day
Name Type ignition o flen

% | % % % % | m’/kg (%) pm, % | nepo (ksi)
St. Mary

ST 19 | 51 70 7 9 382 2.0 2.8 43.3 (6.3)
OPC /11
LaFarge

LA 13 58 71 7 9 374 2.1 1.7 39.9(5.8)
OPC_1I
Lehigh

LE 85 | 62 70.5 9.4 6.5 421 29 4.8 46.2 (6.7)
OPC 1

3.1.2. GGBS

Unlike regular concrete, UHPC uses a lot of cement, which increases costs and has
environmental and ecological burden. It also has a negative impact on the hydration heat, which
can lead to shrinkage problems. Therefore, ground granulated blast slag (GGBS) cement is added
to make the mixes more environmentally friendly since GGBS is a byproduct of the steel making
industry. GGBS 1is a beneficial mineral mixture for concrete because of its pozzolanic property

[57] and is known to positively affect the durability of concrete materials [57].

According to ASTM [68], GGBS is classified by its performance in the slag activity test.
There are three grades, namely Grades 80, 100, and 120. Currently, Grades 100 and 120 are

commonly available on the U.S. market. These two grades of GGBS were used in mortar mixes
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with a ratio of cement:GGBS:standard-sand:water ratio of 0.5:0.5:2.75:0.46, whose fresh and
hardened performance parameters were evaluated. Table 3-2 summarizes the properties of mortar
mixes with the two grades of GGBS. The cement mortar uses LA cement. Its mortar strength is
5.8 ksi (39.9 MPa) and serves as the reference strength. Using that number, the activity indices of

G1 and G2 are 103% and 125%, respectively (Figure 3-1).

The workability of a UHPC mixture can be substantially increased by partial replacement
of Portland cement with GGBS. Mix flowability increases with the grade of GGBS because the
material becomes finer as its grade increases. For example, Grade 120 GGBS particles are smaller
than their Grade 100 counterpart (Blaine fineness of 5720 cm”2/g versus 5510 cm”2/g,
respectively). The uniformly spherical particles of GGBS also facilitate the flow of the paste and
result in a larger spread value. As shown in Table 3-2, the strength difference between both types

of GGBS mortars is modest (6.0 ksi for G1 versus 7.3 ksi for G2).

Table 3-2 Properties of GGBS mortar mixes

Blaine Avg. strength
o .
Name Type m¥/kg >45 pm, % MPa (ksi)
Gl GR100 551 0.6 41.1 (6.0) St. Mary Cement
G2 GR120 572 0.4 50.0 (7.3) LafargeHolcim
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Figure 3-1 GGBS activity test results

3.1.3. Silica fume

The superfine spherical particles and pozzolanic reactivity of silica fume densify the
microstructure and significantly improve the compressive strength of UHPC. The median particle
size is in the range of 0.1 to 10 microns. In general, a lower carbon content is preferred because

that decreases the water demand while promoting high flowability.

Three types of undensified silica fume were selected for investigation (Figure 3-2). The
first (EL) was selected because it had a low carbon content. The second (NC) had a relatively high
carbon content. Choosing a material with higher carbon content was deliberate to see if UHPC
could be successfully mixed with such a component. The third material (WM) had a high
zirconium dioxide content. According to [69], zirconium dioxide improves the flowability of the

UHPC mixture compared to ordinary silica fume because it has a coarser particle size, although it
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is still smaller than the cement particles. The chemical and physical properties of the silica fumes

used in this project are given in Table 3-3.

Figure 3-2 Color of silica fume

Table 3-3 Properties of silica fume

5i0; | C | zr0: | 8Os |N::0| K:0 | BUK | Median

Name Source Appearance . . . . . . Density |particle size
% % % %o | T % (kg/md) (nm)

EL Elkem Gray 969 | 0.5 / 02 | 02 0.3 322 0.5

NC Norchem Dark gray | 9347 | <6 / / <2 <2 225 1.73%

Washington Mills
WM (Zirconium silica Grayish white| >86 1.9 10 / / / 208 6
fume)

3.1.4. Silica Sands

Eliminating the coarse aggregate promotes high compressive strength. Therefore, instead

of coarse aggregate, two types of quartz silica sand, with grain sizes of 80—200 um and 400-800
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um were used (see Figure 3-3), named Sand A and Sand B, respectively. The two sands are blended
in such a way to maximize the packing density. Wille et al [4] suggested that the optimal content
of Sand A is 30-50%. Although the partial replacement of Sand B with Sand A results in a higher
bulk density, due to the larger surface area of the smaller particles of sand A, the demand for water
also increases. Therefore, in order to maintain proper spread and not compromise compressive

strength, the ratio of Sand A to Sand B is selected to be 0.25 in this research.

-

Silica sand F12 . = |Silicasand F75
e & - . AN,

Pl i

-

Figure 3-3 The silica sands used for the preparation of UHPC

3.1.5. High Range Water Reducers (HRWRs)

HRWRs have great influence on the fresh properties of concrete. The use of an appropriate
amount of HRWR can reduce macro porosity because it makes the paste more flowable and easier
to compact. An insufficient HRWR dosage would make UHPC compaction difficult and lead to a
high level of porosity. On the other hand, excess HRWR dosage can cause chemical
incompatibility issues and fibers segregation, resulting in non-uniform mixing or higher porosity.

Moreover, the water-reducing effect is sensitive to the particle size and chemical composition of
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the powder material. For this research, the most effective HRWR was determined to be a
polycarboxylate-based superplasticizer. Three different HRWRs sourced from a variety of

suppliers were used in the preliminary test mix design (Table 3-4).

Table 3-4 High range water reducer

Name Type Supplier
H1 ViscoCrete 2100 Sika
H2 Plastol 6400 Euclid
H3 ADVA Cast 575 GCP Applied Technologies
3.1.6. Fibers

The use of fibers enhances the mechanical performance of UHPC in terms of tensile
strength, ductility, energy dissipation capacity, crack spacing and crack width. Their effect is
dependent on the fiber material and strength, the bond between matrix and fiber, the fiber aspect
ratio and the fiber volume fraction. In order to investigate the influence of these factors, two types
of high strength straight steel fibers (Figure 3-4 (a) and (b)) were selected along with a high
modulus polypropylene fiber (Figure 3-4 (c¢)). The fiber geometries and properties are summarized

in Table 3-5.
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Table 3-5 Properties of fibers

) Density Dlaréleter Length (Ir)| Modulus | Strength Asp ect )
Fiber type | pound/in’® @ | N si si ratio Supplier
(g/cc) |inch (mm) inch (mm)| ksi (GPa) | ksi (MPa) i/ ds
Short steel fiber 30457
(F13) 0.28 (7.8) [0.008 (0.2)| 0.5(13) 210) 415 (2860) 65 Nycon
Long steel fiber 30457
(F19) 0.28 (7.8) |0.008 (0.2)| 0.75 (19) 210) 285 (1965) 95 S. Korean
Polyethylene 0.035 11457
fiber (PF) (0.97) - - (79) 379 (2610) --- Honeywell

(a) Short Steel fiber (F13)

3.2

(b) Long Steel fiber (F19)

(c) Polyethylene fiber (PF)

Figure 3-4 Types of fibers used for this project

Particle Size Distribution and Packing Density Models

Packing theory is the basic method used for developing dense concrete using different sized

particles. Proper application of packing theory can control the fresh and hardened properties of

concrete because the improved particulate packing leads to more usable water as a lubricant. The
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Andreasen and Andersen (A&A) model is commonly used [70] to design UHPC with various
solid constituents and high fluidity. According to A&A theory, optimal packaging can be

achieved when the cumulative particle size distribution (PSD) obeys the following equation:

P(D)(%) = (> )q x 100% Equation 3.1

Dmax

where, P(D) is the fraction that can pass a sieve with opening D; D, 4, is the maximum particle
size of the mix. The distribution modulus g has a value between 0 and 1. The Andreasen and
Andersen model doesn't contain the minimum particle size. To account for that, a modified

version of A&A model was suggested by Funk and Dinger [71] as follows:

pi1-p? . .
P(D)(%) = (ﬁ) x 100% Equation 3.2

max min

where, D,,;, accounts for the minimum particle size in the mix. Andreasen and Andersen found
that optimum packing is obtained when q = 0.37. However, for mixtures with a high amount of
powders (<250 gm), a smaller g value is recommended [72,73]. Hunger [74] suggested g values

in the range of 0.22-0.25 for self-consolidating concrete.

The particle size distributions (PSD) of the various UHPC components listed above are
graphically depicted in Figure 3-5 and Figure 3-6 based on the gradation tables given for each
ingredient. The gradation curves based on A&A and the modified A&A are also shown in both
figures. The figures show that the PSDs for the different slags and silica fumes combinations fit
well between the modified A&A curves for g = 0.37 and 0.22. Figure 3-6 shows that the
gradation curve of the modified A&A better accounts for powders than the gradation curve of

Andreasen and Andersen.
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Figure 3-5 Particle size distributions of solid materials used in this project
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Figure 3-6 Analysis of actual particle size distributions of particles in the different mixes

with the modified A&A model.
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3.3.  Effect of Mixing Speed

Conventional concrete is generally easy to mix using commonly available mixers and can
be conveniently adapted to most construction conditions. However, mixing UHPC requires
equipment that provides more energy and shear than regular concrete due to the low water content
and high powder content (<75 um). In general, the expected performance (including fresh and
hard-solid properties) of the selected mixture cannot be achieved when low-mix energy mixers are
used to mix UHPC. Moreover, use of a low-energy mixer will also increase the turnover time of
the mixture, causing the temperature of the mix to rise, which is detrimental to the UHPC mixing

process (high temperature delays mix turnover).

A pan mixer is generally used to mix UHPC in the laboratory. Different paddle speeds and
mixing volumes can be used for producing UHPC. To develop an appropriate UHPC mixing
scheme that produces a homogeneous mixture, Hobart mixers with three different volumes (5, 12
and 30 quarts, see Table 3-6) were used to investigate the effect of mixing size on UHPC
properties. The mix design in Table 3-7 is used and two different mixing procedures were

evaluated.

The first mixing procedure is the standard one used in [5]. That mix procedure involved
mixing at 2" speed for 3-minutes after turnover. In the second mixing procedure, slower 1%-speed
mixing was used throughout the mixing process. A slower speed was investigated because field
mixers do not run as fast as the smaller lab ones. The measured fresh mortar parameters include
spread and turnover time. The main purpose of the study was to investigate whether the turnover

time is related to the energy input of the mixer delivered through the paddle.
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The test results are shown in Table 3-8. It is clear that using 2"-speed mixing leads to a
shorter turnover time and increased spread. For example, in the case of the 30-qurt mixer, faster
mixing resulted in 11.1 inch (283 mm) spread versus 9.9 inch (251 mm) at slower speed. The
turnover time was also substantially less (0.5 minutes versus 2.33 minutes, respectively). Based
on the assumption that the energy input to the mix is related to the turnover time and the agitator
speed, an efficiency factor (multiplication of the turnover time by the agitator speed) is proposed
and plotted in Figure 3-7. Although no clear trend emerged regarding the efficiency factor, it is

obvious that the turnover time drops with increasing mix size.

Insufficient mix energy can result in improper water distribution throughout the mixture.
In particular, it is difficult to break down the lumps formed during the mixing process. These
unbroken lumps hoard water and HRWR, depriving other particles of their share of moisture and
HRWR. Based on the observation from this study, it appears that the mixer used in this research
can achieve uniform mixing of the UHPC mixture for a mix speed of 60 RPM. Although a faster
mixing speed (100 RPM for the case of 30-quarts) is more beneficial to spread, a mixing speed of

60 RMP is adopted for mixing in this project.

Table 3-6 Rotational speeds of the three Hobart mixers

Agitator (RPM) Paddle (RPM)
5-quart 12-quart 30-quart 5-quart 12-quart 30-quart
1° -speed 136 104 94 60 60 54
2" _speed 281 194 174 124 111 100
3" _speed 580 353 317 255 203 183
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Table 3-7 Mix design of UHPC mortar for three Hobart mixers

Ingredient Cement | Silica fume | Sand A | Sand B Water | HRWR
Weight ratio 1 0.25 0.3 1.19 0.24 0.03
0.8 0.2 0.24 0.95 0.19 0.02
5-quart
(360) (90) (107.5) (430) (86.4) | (10.8)
i 2.2 0.55 0.66 2.6 0.53 0.07
Quantity, 12-quart
pound (g) (1000) (250) (300) (1190) (240) (30)
5.7 1.43 1.71 6.8 1.38( 0.17
30-quart
(2600) (650) (777) (3104) 624) (78)

Table 3-8 Spread and turnover time for three different mixers at two different speeds

5-quart 12-quart 30-quart
Spread, Spread, Spread,
inch ‘ Turnoyer inch ‘ Turnoyer inch . Tumoyer
time, minute time, minute time, minute
(mm) (mm) (mm)
9.6 9.0 9.9
1% -speed 6 1.67 2.33
(244) (229) (251)
9.8 9.6 11.1
2" _speed 1.25 1.42 0.5
(248) (244) (283)
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Figure 3-7 Mixer effect on the turnover of UHPC

3.4.  Effect of Mixing Protocol

Different researchers have adopted various mixing protocols to achieve homogenization of
the UHPC mixture in the shortest time [4, 75-77]. Although specific details of the overall mixing
process differed, all researchers were unified in that UHPC components had to be dry mixed prior
to adding water and HRWR. The intent of dry mixing is to ensure higher bulk density and lower

moisture requirements.

Most of the mixing regimens advocated by other researcher were for lab mixing. However,
for field mixing there are two key restrictions that do not apply to lab mixing: (1) Large-capacity
mixers used for field construction generally have mixing speeds that are lower than those
achievable in smaller lab mixers, (2) The powder materials and silica sands form lumps that can

be quite large in field mixing applications, which hinder the mixing process. In order not to
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decrease the amount of mixing per batch, and without compromising the fresh and hardened
properties after the mixing, the mixing procedure proposed in de Larrard et al [34] is evaluated
and compared to the process advocated by El-Tawil et al. [5]. The de Larrard [34] process is as

follows:

1. Mix water, silica fume and 33% of superplasticizer till the slurry looks homogenous;
2. Add cement with 50 % of the superplasticizer;
3. Add sand, and mix for 1 min at high speed;

4. Add the residual 17% of superplasticizer and mix for 1 minute at high speed.

The de Larrard [34] procedure has the following two advantages. The addition of a high
proportion of water in the initial stage of mixing facilitates the release of sufficient Ca®" ions from
the cement particles. These ions are subsequently adsorbed onto the superplasticizer chain, thereby
achieving a lower viscosity of the mixture [78]. Mixing only the cement initially reduces the
burden on the mixer during the initial phase of the mixture turnover, when viscosity is highest and
demand on the mixer is therefore greatest. Due to the presence of the ultrafine particles (silica
fume, cement, and GGBS), sufficient shear force is required to break apart the agglomerates during
the UHPC mixing process. While the silica sands contribute to such a role, adding them later to

reduce the initial burden on the mixer is beneficial from a practical point of view.

Keeping the above discussion in mind, the new mixing process explored in this project is

shown schematically in Figure 3-8 and described as follows.

1. Dry mix cement, GGBS, silica fume, and a portion of the silica sands for 5 minutes;
2. Add water and superplasticizer till turnover and formation of thick slurry;

3. Incorporate remaining silica sands gradually and mix another 5 minutes;
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4. Add fibers and continue to mix until fluidity is optimized (between 5 and 8 minutes).

The flow test was performed by using a conical mold as shown in Figure 3-9 (a) and
discussed later on in the report (see Section 3.2.1). When the mortar ceases spreading (usually
within 2 minutes), the base diameter of the mortar is measured from two perpendicular directions

(Figure 3-9 (b)) and the average value is used as the flow value (i.e., the spread).

Figure 3-10 shows turnover time and flow of blends with different portions of silica sands.
It can be observed that the fresh nature of UHPC is affected by the mixing method. When mixing
UHPCs using the original mixing protocol in El-Tawil et al. [5], turnover occurs quickly, usually
within two minutes. When the premixed material is free of silica sands, the turnover time exceeds
six minutes, which demonstrates the importance of silica sands in facilitating mixing. Particles in

the premixed part of the silica sand grind against the powder materials and aid in their dispersion.

Experiments were conducted to evaluate the effect of the portion size of the premixed
sands. The premix portion variable ranged from zero to 60%. The test results can be seen in Figure
3-10. A premix amount of 40% resulted in a turnover time of 5 minutes. That reduced to 3 minutes
when the premix amount reached 50%-60%. The spread was relatively independent of the premix

potion as also shown in Figure 3-10.

Figure 3-11 shows the weight of initial part of the consitutents, which represents the burden
on the mixer. For example, the original mixing sequence places 100% burden on the mixer,
meaning that all the material is mixed initially. Reducing the premix portion decreases the burden,
as explained earlier. As can be seen in Figure 3-11, premixing half of the silica sand reduces the
burden on the mixer (weight of mixed components before turnover) by nearly 25%. These results

imply that, even though turnover time may be delayed slightly by premixing just half of the silica
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sands, the burden on the mixer can be decreased substantially allowing it to mix a larger load. It is
therefore recommended that the revised mix protocol be used in the field with only half the silica

sands premixed. The success of this mixing methodology in the field is discussed in Chapter 5.

Cast
Cement water  superplasticizer  Two types silica @
Slag sands =
Silica fume E 2
b
e |steel fiber

I [ VI 1
<30 seconds <30 seconds M
_ 5 minutes 3-6 minutes 5 minutes

| (if any)
I Cast

low low ﬂ’ low
turnover

Figure 3-8 The new mixing sequence

0.2" min

1-Mold
Bronze (Rockwell B-25)

(a) The conical mold for flow test [79] (b) Workability of UHPC paste mixed by new procedure

Figure 3-9 Flow test and determination of flow
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4. TEST PROCEDURES AND METHODS

There are no well-established tests to characterize the fresh, hardened and long-term
behaviors of high-performance cementitious materials. According to the Federal Highway
Administration (FHWA) [38] and ASTM [80], tests used for high-performance cementitious
materials are generally similar to those used for conventional concrete or mortar, albeit with some
adjustments to accommodate the unique properties of the new materials. This chapter describes

the testing processes and practices used in this research.

4.1.  Mixing and casting processes

Mixing was discussed in Sections 3.3 and 3.4. After successfully mixing and casting the
specimens used in this work, the specimens were covered with plastic sheets for 24 hours, removed
from the mold and placed in a temperature-controlled water bath. Compression and tensile tests
were performed at different curing ages. For each mixture, at least 3 cube compressive specimens

and 5 dog bone tensile specimens were prepared and tested.

4.2.  Fresh characteristic and quality control
4.2.1. Flowability

The workability for freshly mixed UHPC was determined by testing the spread value in
accordance with ASTM C1437 [81]. After mixing the paste, the fresh mix was placed into a spread

cone (refer to Figure 3-9). Special care was taken to keep the spread cone and the base plate at the
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same humidity level prior to testing. Due to the inherent high flowability of the paste, there was
no need to compact the UHPC in the mold and no vibration was required or used. The spread cone
was filled up to the rim and then lifted at a fixed speed. The leftover material sticking to the wall
of the cone was scraped off and the material on the base plate was left to spread. After 2 min £+ 5
sec had elapsed, the diameter of the spread UHPC paste was measured along two perpendicular

directions and the average diameter was calculated and recorded as the spread value.

4.2.2. Setting time

The setting times for UHPC pastes were evaluated by using the Vicat apparatus as outlined
in ASTM C191-13 [82] (Figure 4-1). The setting time was tested at room temperature

(approximately 22 °C).

Figure 4-1 Paste penetration resistance test
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4.2.3. Hydration heat

One major benefit of GGBS addition in concrete is the reduction of heat generation in the
early age when young concrete is prone to cracking. The effect of different amounts of GGBS on
the heat of hydration in the initial stage is characterized by the measurement of temperature
evolution in a 6 inch x 12 inch (150 mm x 300 mm) cylinder stored in a semi-adiabatic chamber.
Right after the freshly mixed mortar sample was cast into the cylindrical mold, it was sealed by a
lid with a small hole punctured in the center. Two Type-T thermocouples were inserted halfway
into the sample through the hole. The thermocouples were connected to a data acquisition system,

from which temperature was monitored every 1 minute.

4.2.4. Ultrasonic pulse velocity

Ultrasonic transit time was measured on 0.2 inch x 6 inch (Smmx150mm) cylinders by a
Pundit Plus ultrasonic digital tester with 54 kHz transducers. The ultrasonic pulse velocity (UPV)
was then calculated and used as an indicator of strength development. Measurement commenced

when specimens gained sufficient strength to be removed from the mold.

4.2.5. Shrinkage

The autogenous shrinkage that occurs in UHPC may cause early cracking due to its very
fine pore structure and low water-binder ratio. This can ultimately lead to a serious reduction in
the material’s performance in terms of strength, appearance, and especially durability. Based on
previous studies [83,84], when the amount of cement and/or SF is replaced by GGBS, not only is

the heat of hydration reduced, but the autogenous shrinkage also decreases.
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Autogenous shrinkage of UHPC was measured on a slender rectangular specimen (2.4 inch
x 4 inch % 40 inch [60 x 100 x 1000 mm]) placed in a U-shaped stainless-steel ring, as shown in
Figure 4-2. Fresh paste and mortar mixes were stored in a sealed bucket. Double polystyrene films
were used to seal the specimen to prevent external drying. Two layers of 0.08 inch (2-mm) thick
foam rubber were used to separate the sealed specimens and test rig to minimize friction. The
specimens were positioned with one end fixed to the rig and the other end connected to a movable
plate in contact with a LVDT with a 0.1 pm resolution. Specimen displacements were measured

every 5 min and automatically converted to strain.

Figure 4-2 Autogenous shrinkage measurement
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4.3.  Hardened UHPC mechanical Properties

All specimens were de-molded 24 hours after casting and then cured in water at room
temperature. On the day of testing, the specimens were removed from the water bath and dried in

preparation for testing.

4.3.1. Compression testing

The uniaxial compressive strength tests at various ages up to 56 days were carried out on
2 in (50 mm) cubes using a 500 kips capacity servo-hydraulic testing machine as shown in Figure
4-3. The testing procedure was carried out according to ASTM C109/C109M [67]. Due to the
ultra-high compressive strength of UHPC, testing under load rates of 50-100 psi/s (0.36-0.72 MPa)
in accordance with ASTM C109/C109M means that the test will take much longer than usual. To
reduce test time, an accelerated loading rate of 150 — 250 psi/s (1.0 — 1.7 MPa / s) has been shown
to have no adverse effects and was used in this research [22]. Three specimens were tested for each
age and the average result was reported. As discussed in Alkaysi et al. [26], it was not necessary
to grind the loaded surfaces to a specified level of smoothness because the brass molds used

ensured sufficient smoothness and parallel loading surfaces.
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Figure 4-3 Testing set-up for compression tests of cube specimens

4.3.2. Direct tension testing

For this project, a direct tension test based on AASHTO T 132-87 [86] was chosen to test
the specimens. In this test procedure, precast specimens were made and then tested under direct
tension. As shown in Figure 4-4, the specimens were supported by plates that ensure anchored and
rotation-capable boundary conditions. Each specimen had a gauge length of 3.14 in (80 mm) with

a constant cross-sectional area of 1.0 in? (25.4 mm?).

The test procedure started by carefully loading a tensile specimen into the MTS testing
machine. A small preload (20% of the matrix cracking strength) was applied to the specimen. The
specimen was then manually moved into the best-aligned position to insure uniaxial tension stress.

The loading rate was set to 0.003 in/min, which resulted in an estimated strain rate of 1x10* s\,
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Figure 4-4 Tensile test set up and specimen dimension

4.4.  Durability characteristics

The durability properties of the various UHPC mixtures were investigated by evaluating
the presence and distribution of air voids, resistance to ingress of chlorides and resistance to freeze-

thaw cycling.

4.4.1. Air void analysis

The air void analysis of the concrete was measured by the linear traverse method according
to ASTM C457 [87]. The instrument employed is shown in Figure 4-5. Square specimens 4-inches
(100 mm) by 4-inches (100 mm) were cut from the mid-depth portion of 6-inch (150 mm) diameter
cores with the testing surface parallel to the finishing surface. Specimens were carefully polished

with silicon carbide abrasives to obtain a smooth surface with undamaged paste and clearly defined
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air voids. Then the point count method was used to determine the fractions of air void, paste and
aggregate and the percentage of air voids with infillings. This step provided information on the
quality of air void and input to the computation of the spacing factor in the next step. After the
point count procedure, the polished surface was pretreated by filling all the air voids with a white
powder (barium sulfate) and the rest of the surface was darkened by a permanent marker to produce
a sharp contrast (Figure 4-6). Then, the linear traverse method was used to measure the chord
length distribution and the total length of the traverse line over air void, based on which, the air
void parameters can be calculated. A total of three specimens were tested for each of the material

parameters.

Figure 4-5 Photograph of the linear traverse method point count instrument
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(a) Untreated surface (b) Coated surface

Figure 4-6 Treated and untreated UHPC cross section for air void analysis

4.4.2. Rapid chloride penetration test (RCPT)

A commercially available device, PROOVE'it, was used to evaluate the resistance of
concrete to chloride ion ingress. In this approach, chloride ions are forced into a concrete specimen
through the introduction of an external voltage on the specimen surface in accordance with the
standard test method outlined in ASTM C1202 [88]. The schematic presentation of RCPT is

illustrated in Figure 4-7.

Specimens 4-inches (100 mm) in diameter and 2-inches (50 mm) in width were positioned
into the measuring cell. Each cell contained a fluid reservoir at each face of the specimen. One
reservoir was filled with a sodium chloride solution (3.0% NaCl). The other reservoir was filled
with a sodium hydroxide solution (0.3 M NaOH). The reservoir containing the NaCl was

connected to a negatively charged terminal, the NaOH reservoir was connected to the positively

44



charged terminal of the device's microprocessor-controlled power unit. Once started, the test
automatically measured the total electrical current passing through the concrete specimen for a
standard period of 6 h, with a direct current voltage of 60 V. A total of two specimens were tested

for each of investigated parameter.

Power supply
60 VDC

+II

Data logger

Sodium chloride

Sodium hydroxide solution
solution (3.0% NaCl)
(0.3 M NaOH)
Stainless steel with UHPC Spedmen Stainless steel with

positively charged terminal negatively charged terminal

100 mm in diameter
50 mm in width

Figure 4-7 Rapid Chloride Permeability test setup

4.4.3. Freeze-thaw resistance

In this study, the RILEM CDF/CIF test equipment was used to perform freeze-thaw resistance
procedures. Simultaneously, the UHPC samples were measured for room temperature adsorption

and cumulative mass loss under exposure to water (w) and 3% NaCl solution (s). The test
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configurations are shown in Figure 4-8. The freeze-thaw test was carried out on UHPC specimens
having a thickness of 3 inches (70 mm) and a cross-section of around 4 inches x 4 inches (100
mmx100 mm). An F-T test machine was employed for the concurrent measurement of cumulative
mass loss, bulk moisture uptake and internal cracking in the specimens (Figure 4-8). Prior to F-T
test, specimens were dried in the oven at 50+2 °C, followed by pre-saturation in de-mineralized
water to characterize the capillary absorption process. The preconditioned specimens were placed
in the F-T chamber with the bottom surface immersed in a 3% sodium chloride (NaCl) solution
while undergoing a specific temperature profile. One F-T cycle is 12 hours with the temperature
decreasing from 20 °C to -20 °C and ultimately going back to 20 °C. After 6-8 cycles,
measurements were taken when the temperature was brought back to 20 °C, including cumulative
moisture uptake based on specimen weight gain, surface scaling based on cumulative mass loss

and internal bulk cracking based on variation in the relative dynamic modulus of elasticity (RDM).
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3. EXPERIMENTAL RESULTS

A series of test programs were carried out in order to characterize the fresh, short-term and
long-term properties of UHPC. The tests were conducted in order to develop the knowledge needed
to control the quality of the non-proprietary UHPCs developed in this project, facilitate field
mixing, and provide pertinent information for developing a Special Provision for field

implementation.

To ensure that the non-proprietary UHPC sought in this research is truly generic, its
components were sourced from various suppliers. In particular, the ordinary Portland Type I
cement, silica fume and superplasticizer used in the testing were each obtained from three different
suppliers to study the effect of material source on the properties of UHPC. Another test variable
was the slag activity levels of GGBS (two levels were considered). Of specific interest was the
effect of GGBS content on the properties of UHPC. In particular, a key question was how much
cement can be replaced by GGBS. Tests conducted to answer this question included workability,
heat of hydration, ultrasonic pulse velocity (UPV), autogenous shrinkage and air void distribution.
Steel fibers with two different aspect ratios were also investigated as well as replacing steel fibers

with polyethylene fibers.

This chapter presents and discusses the extensive test results obtained during the course of
this research project. Some test data is presented in Appendices A and B and the developed Special

Provision presented in Appendix C.
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5.1.  Effect of Superplasticizer Source on Spread

The main variable in this section is the superplasticizer source. In previous work [5], the
optimum ratio between cement and silica fume was determined to be 1:0.25, with a water to cement
(w/c) ratio of 0.22. The previous research had also replaced 50% of the cement with GGBS. These
values are used in the research reported in this Section. Studies in this project showed that the most
appropriate amount of HRWR is in the 2% to 3% range by weight of the cement to ensure proper
workability. With a view towards ensuring feasibility for field applications, the tests conducted in
support of this Section use a fixed amount of 3% HRWR. Such a dosage of HRWR could lead to
low workability for some combinations of components. For such cases, improvements can be made
by adjusting the w/c ratio or increasing the amount of HRWR, although the information in Section
5.1 suggests that the ensuing side effects must be considered. Table 5-1 lists the mixing ratios of

the mixtures considered in this Section.

Table 5-1 Mixture proportions by weight

Silica sand

Portland GGBS |Silica fume| HRWR Steel fiber
cement
Sand A | Sand B
0.5 0.5 0.25 0.03 0.30 1.21 0.20
(2% by volume)

The following naming scheme was used to simplify the discussion of the batch test results.
The second portion of the name represents the cement supplier used in the mix design, LA for

LaFargeHolcim Inc., ST for St. Marys Cement Inc., and LE for Lehigh Hanson Inc. The second
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portion of the name represents the silica fume supplier, for example, EL is for the Elkem Inc., WM
for Washington Mills Inc., and NC for NorChem Inc. The third portion represents the
superplasticizer type, i.e., HI for ViscoCrete 2100 from Sika Inc., H2 for Plastol 6400 from Euclid
Inc., and H3 for ADVA Cast 575 from GCP Inc. For example, LA-EL-H1 indicates a mix

comprised of Lafarge cement, Elkem silica fume and HRWR from Sika.

The spread values of the various UHPC mixes were measured in accordance with ASTM
C1437 as discussed in Section 4.2.1. The average spread values of the test are shown in Figure 5-
1, Figure 5-2, and Figure 5-3. It should be emphasized that all the spread values were obtained by

testing under static paste flow as outlined in Section 4.2.1.

Figure 5-1 shows that H1 was quite effective. In particular, all mixes exhibited static flow
greater than 7 inches (178 mm). The effectiveness of H3 was not as good as H1, especially when
using the NC silica fume, where there is almost no fluidity. This trend was attributed to the high
carbon content in NC silica fume, which caused the demand for water to increase during mixing.

H2 is almost as good as H1, although mixes with NC silica fume still presented a challenge.

It should be mentioned that UHPC flowability can be adjusted by changing the water usage,
adjusting the mixed water temperature [61], or by changing the mixing speed. However, careful
consideration should be given to these types of modifications to mix proportions or procedure as

they can also affect other properties.

A type of zirconium silica fume (WM) was also adopted in this study because it is known
to improve flowability of UHPC mixtures as compared to ordinary silica fume. This is because

zirconium silica fume has much larger particle sizes than ordinary silica fumes, although they are
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still smaller than Portland cement particles. Figure 5-1 through Figure 5-3 show that the best

workability performance occurs for mixtures with WM.
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Figure 5-1 The spread of UHPC with H1 and different cement and silica fume

combinations
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5.2.  Effect of GGBS Dosage

As noted earlier, GGBS serves the dual purpose of imparting high resistance to attacks by
harmful substances in harsh environments and significantly reducing the heat of hydration. The
amount of GGBS used in a cementitious mix influences multiple characteristics of the fresh and
hardened product. There is a considerable amount of literature available on the effect of GGBS on
the characteristics of regular concrete [89-92 ]. On the contrary, there is quite little on the effect of
GGBS on UHPC properties [26,93]. To address this drawback, this project investigated the role of
GGBS on the fresh and hardened properties of UHPC including flowability, setting time,
autogenous shrinkage, air voids and strength development. The intent is to identify an optimal
amount of Portland cement for replacement with GGBS. The test results reported in this Section
are based on the LA-EL-H1 combination. In addition, the GGBS is of G1 grade (see Section 3.1.2).

The replacement values considered are 0%, 25%, 50%, and 65%, respectively.

5.2.1. Flowability and air content characteristics

The test techniques used were described in Chapter 4. Flowability testing (see Section
4.2.1) showed that partial replacement of Portland cement with GGBS considerably increased the
flowability of UHPC mixes. Figure 5-4 plots the effect of HRWR dosage and GGBS replacement
quantity on flowability. Cases are designated XS, where X is the GGBS percent replacement.
Hence case 658 indicates that 65% of the Portland cement was replaced with GGBS. The cases

considered differentiate between mixes with and without fibers as shown in Figure 5-4.
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Figure 5-4 Effect of cement replacement by GGBS on the spread of UHPC

Prior research by the PIs has shown that UHPC mixtures with an 8 in (200 mm) spread are
considered to be well-suited for the dispersion and casting of mixes with steel fibers. It can be seen
from Figure 5-4 that partial replacement of 25% Portland cement with GGBS and 2% HRWR has
approximately the same spread as the mix without any GGBS but with 4% HRWR. In other words,
replacement of 25% of the Portland cement with GGBS led to a 50% reduction in the required
amount of HRWR. This beneficial effect can be partly attributed to the low water absorption and
the smooth and dense surface characteristics of the GGBS particles. In addition, when Portland
cement is replaced on a mass basis, the paste content is increased because of its lower specific

gravity, combined with enhanced cohesiveness. All these factors facilitate particle movement and
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thus improve workability. Figure 5-4 shows that there are diminishing returns in terms of
flowability when the replacement amount increases beyond 50%. This is particularly clear when

the HRWR is 3%.

The air content of UHPC mixtures was measured in the fresh state using the unit weight

method and characterized in the hardened state using the linear traverse method. The unit weight

method is based on the following equation.
Py = % X 100% Equation 5.1
0

where the p, and p, are theoretical density and actual measured densities of the UHPC mixture,

respectively.

The analysis of air void characteristics in fresh concrete and in hardened concrete revealed
some significant differences. As listed in Table 5-2, the total air content in the hardened concrete
seems about 1% lower than the fresh mix as computed by the unit weight method. This is attributed
to the slight consolidation employed when making specimens for the linear traverse method, which
likely removes some of the larger air bubbles. Regardless of the air content of the mixture in the
fresh and hardened mixture, the total amount of air in the fresh and hardened concrete decreases
from 5.8% to 4.8, and 4.7% to 3.2%, respectively, with the increase in the amount of replacement
GGBS from 0 to 65%. For the fresh air content, it is noted that the addition of steel fibers reduces
the air content (see Figure 5-5), which may be attributed to the unique geometry of fibers, which

can break up big air bubbles thereby facilitating the de-airing process.

The distribution and content of air voids in concrete can affect durability. Since the liquid
water in the voids increases in volume when it is freezes into ice, any unfrozen water is squeezed
and discharged from the place where the ice initially formed. This liquid flow generates hydraulic
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pressure in the pores, which often results in damage to the concrete. Powers and Willis [94]
proposed a spacing factor which is an appropriate way to describe the air void structure. It gives
the relationship between the air void content, specific surface and the spacing factor and is

calculated as follows.
3 P s for P 433 Equation 5.2
L={2 1.4-(;+1) —1)| forz>4 -

where P is the paste content of the mixture; A is the air content, and S is the specific surface in
mm The air voids and their total specific surface area can be estimated from the average air

void intercept or the chord length obtained from the linear traverse.

The hardened air content and spacing distance are listed in Table 5-2 and Figure 5-6 for
UHPC specimens that include different amounts of GGBS. It can be seen from Table 5-2 that the
hardened air content decreases from 4.8% to 3.0% as the GGBS replacement amount increases to
50%. The spacing factor is 681 pum while regular concrete has a spacing factor of 116 pum. These
values are also consistent with values reported in literature [61]. The spacing factor here refers to
the paste-void proximity; i.e. the fraction of paste within some distance of an air void. It provides
an approximate representation of the air void structure in the cement paste. The physical reality is
that the entrained air void is randomly distributed in the cement paste. In most cases, the inherent
approximation of the Powers' spacing factor has been proven to be very good. When the
distribution of the air void radius is skewed, or there are a disproportionate number of air voids
with small or large radius, the average radius on which the Powers' spacing factor calculation is

based does not accurately represent the air void structure in the cement paste.
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Figure 5-5 Effect of steel fiber addition on the fresh air content of UHPC mixes

The linear traverse method provides much more information regarding the size distribution
of air voids, as seen Figure 5-7 and Figure 5-8. Almost half of the air voids had a size larger than
500 pum (a typical upper limit value for defining entrained air) with the majority concentrated
between 500 and 1000 um for non-air entrained UHPC mixes. In the case of a sufficiently air-
entrained concrete, 75% of the air voids are less than 500 um. Figure 5-7 shows a tendency of a
change of air void size distribution due to increasing content of GGBS in cement, which is related
to a decrease in small voids content. This result is inconsistent with the trend of the specific surface
area given in Table 5-2. The reason is presumed to be that the calculation for the UHPC mixture
has an inherent error in the computation of the specific surface area due to the small air voids.
Meanwhile, unlike the typical entrapped air voids observed in ordinary concrete with an irregular

shape, UHPC mixes, even though non-air entrained, have spherical air voids with a wide range of
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size classes. This may be accounted for by the absence of coarse aggregate particles and the use of

superplasticizer.
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Figure 5-6 Air Content as a Function of Power’s Spacing Factor

Table 5-2 Air content and void parameters for UHPC mixes

Air content (%)

Hardened air

Powers’

specific

Designed | Fresh air content . content spacing | surface, Paste
: (linear traverse .1 | content
air factor, mm 0
content method) pum (%)
W/O With Total
fibers | fibers
0S 4.0 5.8 4.0 4.8 681 9.59 50.8
258 4.0 5.0 4.1 3.5 695 10.87 51.3
508 4.0 5.0 4.2 3.0 681 11.99 51.9
65S 4.0 4.7 4.0 3.2 577 13.70 52.2
iigc‘ii / / 4.0 116 | 4501 | 26.1
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Figure 5-8 Air void profiles for the UHPC mixes with different GGBS contents

5.2.2. Hydration heat and degree of hydration

One major advantage of GGBS addition in concrete is the reduction of heat generation in
the early age when young concrete is prone to cracking. This is clearly shown in Figure 5-9 where
the temperature rise is suppressed in proportion to the degree of GGBS replacement. Close

inspection of the initial temperature rise stage reveals that the replacement of Portland cement
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slightly accelerates the initiation of temperature rise. This may be associated with the so-called
“diluting effect” of GGBS since it acts almost as an inert filler as mentioned previously. This is
equivalent to increasing the w/c ratio, which promotes the hydration of cement and thus heat
liberation. However, this effect is not in proportion to the amount of slag cement present in the
system with the 65% replacement level. In this case, the amount of cement is reduced to such an
extent that the positive effect of the increased water availability for cement hydration is partially

counterbalanced.

100

Tempertaure, °C

0 40 30 120
Time (hours)

Figure 5-9 Temperature evolution in UHPC mixtures with different GGBS contents

Heat of hydration may also be used to observe the development of mechanical properties
and the degree of hydration of the cementitious material. In general, the degree of hydration can

be measured by X-ray diffraction analysis, SEM image analysis or by methods such as chemical
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binding of water [85]. Compared to these complex test methods, Habel et al [95] proposed a
simple model which was concluded from the results of the semi-adiabatic heat of hydration tests
data. The degree of cement reaction is analyzed through the hyperbolic formulations of hydration

heat change, and the relationship is expressed as

Q) k(teq_d) .
= Qut Equation 5.
r(®) Qtor  1+k(teqg—d) quation 5.3

where Q (t) is cumulated heat of hydration, and Q,,; is total heat of hydration, k is rate constant,
teq is equivalent time and d is dormant period. This model is suitable for both conventional and
slag cement concrete and has been successfully applied in UHPC [95]. It was assumed that the
released heat is proportional to the hydration reaction, and the hyperbolic model of Equation 5.2
can be calculated and fitted from the experimental results of Figure 5-9. It is assumed that the
strong heat release reaction begins after the dormant period. It can be observed from Figure 5-9
that the dormancy period for the mixtures content of different GGBS is around 6-11 hours. The
fitted test results are shown in Figure 5-10. It can be seen from Figure 5-10 that the UHPC
exhibited a strong increase in the degree of hydration reaction at an early stage. The degree of
reaction on day 7 can reach r=0.72. Then on the 14™ and 28™ days, it reaches r=0.83 and r=0.91
respectively. In addition, it can also be observed from the figure that the hydration reaction rate
slightly decreases with the increase of the GGBS content but that has no effect on the late
strength. This trend is similar to the [95], although it is inconsistent with the conclusion of [85]-
because the low water to cement ratio resulted in that a significant amount of cement in the
UHPC formulation did not fully hydrate after 28 days. However, it is still a feasible qualitative

way to observe the strength development trend of UHPC through Equation 5.2.
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Hydration of GGBS alone is a very slow process requiring the break-down and dissolution
of the glassy structure. Its reaction rate can be accelerated by the hydroxyl ions liberated during
the hydration of Portland cement, which involves a two-stage reaction [96]. The initial reaction is
with alkali hydroxide while the subsequent reaction is primarily with calcium hydroxide, the latter
also being known as the pozzolanic reaction. This process consists of the consumption of a porous
product (calcium hydroxide) and the precipitation of a dense product (calcium silicate hydrate),
which leads to a more refined and condensed pore structure [97,98]. This explains the higher
compressive strength in the later ages for the UHPC mixes with GGBS. However, the pozzolanic

reaction lags behind cement hydration at the early hydration stage.
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Figure 5-10 Evolution of the degree of hydration reaction with time in UHPC mixtures

with different GGBS contents
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Figure 5-11 Shrinkage strain development of UHPC mixes with different GGBS contents

5.2.3. Autogenous shrinkage

Figure 5-11 shows the shrinkage strain development in UHPC mixes with different GGBS
contents. The zero time on the x-axis characterizes the time when water was added during mixing.
The UHPC shrinkage exhibits four distinctive stages: (I) the dormant period with almost zero
shrinkage with varying lengths depending on the slag cement content; (II) the acceleration period
with rapidly occurring shrinkage lasting around 7 hours; (III) a short-lived plateau period; (IV) the

steady stage.

The dormant period is prolonged, compared with the regular cementitious system with a
high w/c ratio, and its length shows good correlation to the initial setting time (Figure 5-12), before
which the hydration reaction is limited. This may be a result of the excessive use of superplasticizer
in UHPC [99-101]. The acceleration stage may be a result of the rapid chemical reaction of

cementitious materials (primarily cement and silica fume) with water, as evidenced by the increase
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in specimen temperature (Figure 5-13). It is currently hard to explain the existence of the short
plateau observed in the 0S, 25S and 65S systems. What is more interesting is that its length

corresponds well with that of the cooling stage on the temperature curve (Figure 5-13).

When the shrinkage strain is plotted for the steady state, it can be seen that GGBS
exacerbates shrinkage (Figure 5-14). This suggests the pozzolanic reaction has occurred much

earlier in UHPC.
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Figure 5-12 (a) Penetration resistance of UHPC paste mixes and (b) correlation between

dormant time and setting time
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Figure 5-14 Shrinkage development in the steady state

5.2.4. Capillary absorption and F-T test

Concrete has the tendency to absorb water from the outside via primarily two mechanisms:
capillary suction and diffusion [102]. The presence of moisture and the accompanying deleterious
chemicals causes an array of durability-related issues, such as freeze-thaw deterioration, chloride
ion-induced rebar corrosion and sulfate damage [103]. Thus, transported properties of concrete,
especially the capillary absorption, has been proposed to evaluate durability in numerous studies

[104-107].
The water absorption behavior before and during the F-T test is characterized by the

moisture uptake of 70-mm thick (refer to Section 4.4.3) concrete specimens with the test surface
immersed 0.2 inches (5-mm) in water and 3% salt solution, respectively. During pre-saturation at
20 °C, there is initially a rapid linear development with the square-root of time, a typical capillary

suction process occurring in well-connected pores. This gradually tapers off and transitions into a
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diffusion-controlled slow process. When moisture absorption is coupled with F-T exposure, the
uptake is accelerated due to a “pumping effect” [108-110]. Nevertheless, the amount and rate of
moisture absorption is much lower compared with regular normal and high strength concrete alike
(Figure 5-15). Caution should be taken in the comparison between concrete mixes with a
significant discrepancy in paste concrete, since moisture is imbibed mostly by the paste which is
even truer in UHPC with high-quality silica sands. Thus, the moisture uptake is normalized with
respect to the paste content in Figure 5-16. It can be seen that there is very limited absorption of
UHPC mixes, even lower than a regular concrete with surface treatment. This serves as evidence

for excellent durability.

Furthermore, the sorptivity, a parameter representing the suction rate, can be extracted from
this linear segment (Figure 5-17). The mix with the highest slag cement replacement level (65S)
also has the highest sorptivity value, compared with the other three mixes with no appreciable
difference. A safe prediction can be made that the sorptivity of the 65S mix will be reduced if the

specimens were tested at a further later age when more pozzolanic reaction was initiated.
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Figure 5-15 Moisture uptake curves of UHPC mixes
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Figure 5-16 Normalized moisture uptake between different concrete mixes
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Figure 5-17 The capillary suction and associated sorptivity

5.2.5. Compressive strength development

The hardening process of UHPC is accompanied by an increase in the ability to resist
mechanical load and the gradual densifying of the matrix. In the case of pre-selected components,
there are still some minor factors that influence the development of mechanical properties. For
example, partially replacing the cement with GGBS, as previously mentioned, despite the
hydration reaction, can form hard calcium silicate hydrate. The reduced hydration rate of GGBS
in concrete leads to a delayed strength development. Gupta [111] suggested that accelerating the
development of UHPC hydration reaction and, therefore strength, can be achieved by using GGBS
with a finer particle size. Variable fineness offers different specific surface areas for hydration
reaction and influences the distribution of hydration products in the cementitious system which

may eventually impact the strength and durability properties of UHPC.
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The polycarboxylate based HRWR is used in UHPC to increase paste workability and its
interaction with cement particles dispersion. In turn, there is a negative effects when the HRWR
dose exceeds the optimum amount, i.e. it will result in a lower compressive strength. The reason
can be explained by the segregation phenomenon, as shown in Figure 5-18. Due to the occurrence
of segregation, the particles in the fresh UHPC paste and the steel fibers are no longer uniformly
distributed. Therefore, some of the particles separate from the cement paste and cause a decrease
in strength. In addition, [112,113] reported that when the HRWR dose was high, and the polymer
surface coverage was higher, this meant that the effective layer thickness around the particles

increased, resulting in a decrease in the maximum attraction between the particles.

Figure 5-18 The segregation caused by high dose of HRWR

To study the effect of GGBS fineness on mechanical strength, two different grades of
GGBS available in Michigan were employed: Grade 100 (G1) and Grade 120 (G2), which have
specific surface areas of 551 m?/kg and 572 m? /kg, respectively, and slag activity indices is 125%
and 103% (as noted earlier). As noted earlier, the optimum dosage of HRWR is 2%-3% of the
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weight of the cementitious material. Considering a spread of less than 8 inches (200 mm) after
adding steel fibers, and taking into account the goal of field mixing, this section compares the
results of varying the HRWR in the 2% to 3% range. To facilitate discussion, the naming scheme
is X-H, in which X is the type of GGBS, such as G1 or G2, and H is the amount of HI HRWR.
For example, G1-2%HRWR indicates that G1 is used to partially replace cement, and the amount

of H1 is 2%.

The strength of the two grades of GGBS specimens as a function of curing age are shown
in Table 5-3 and Figure 5-19, which also reflects the effect of the dosage of HRWR. It can be seen
from Figure 5-19 that UHPC gains compressive strength gradually with age. In Table 5-3, The
compressive strength of G1-2%HRWR, G1-3%HRWR and G2-3%HRWR specimens at 28-days
are 24.5 ksi (169.2 MPa), 23.1 ksi (159.0 MPa) and 21.1 ksi (146.1 MPa), respectively (refer to
Table 5-3). These result indicate that compressive strength decreases when the dose of HRWR
increases. For example, the compressive strength is reduced by 6% for G1-3%HRWR versus G1-
3%HRWR. Opposite to the hypothesis, using finer GGBS product causes the compressive strength
to decrease. For example, the compressive strength of G2-3%HRWR was reduced by 8.1% versus
G1-3%HRWR. The cause of this phenomenon is unclear, presumably because the maximum
attraction between the particles decreased due to the surface polymers. This restrains the hydration
and consequently leads to a slower development of early-age strength of UHPC. For the Grade
120 GGBS, the phenomenon of promoting hydration due to a higher fineness was not observed in

this test. Despite this, the 56-day compressive strength exceeds 25 ksi (172.4MPa).

The test results are compared with the model proposed by Wille et al. [114], which is an
empirical equation describing UHPC strength development based on the 28-day compressive
strength. The results show that the test strengths of 3-day, 7-day and 14-day are lower than the
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empirical values. However, the compressive strength showed a significant increase at 56-day
(Figure 5-19). The test values are 27.2 ksi (187.4 MPa), 25.6 ksi (176.4 MPa) and 25.7 ksi (177.5
MPa) for G1-2%HRWR, G1-3%HRWR and G2-3%HRWR, respectively. The values obtained
from the empirical model are 26.1 ksi (179.6 MPa), 24.5 ksi (168.8 MPa), and 22.5 ksi (155.1
MPa). The increase in value is about 4% for G1 mixes. This trend, which is associated with degree
of hydration, agrees with the data in Figure 5-10 where r=0.91 at 28-day and continues to rise to

r=0.94 at 56-days.
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Figure 5-19 Effect of different grade of GGBS on the compressive strength of cube
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Table 5-3 Performance of UHPC with different grades of GGBS

Spread Average compressive strength
Matrix inch HRWR| W/, ksi (MPa)
(mm) 3days | 7days | 14 days | 28 days | 56 days
8.1 12.6 17.1 21.4 24.5 27.2
G1-2%HRWR 0.02 |0.22
(205) (86.5) | (118.2) | (147.8) | (169.2) | (187.4)
9.8 12.2 17.2 20.8 23.1 25.6
G1-3%HRWR 0.03 | 0.22
(248) (83.9) | (118.8) | (143.5) | (159.0) | (176.4)
10.4 12.4 17.6 19.0 21.1 25.7
G2-3%HRWR 0.03 | 0.22
(264) (85.6) | (121.5) | (131.1) | (146.1) | (177.5)

These test results imply that: (1) Wille's empirical model for estimating UHPC strength

development is not suitable for UHPC where GGBS is used to partially replace cement. (2) Since

UHPC with GGBS continues to gain strength significantly after 28 days, it could make sense to
relax the 28-day strength-based acceptance criteria that are commonly used in industry and perhaps
replace it with 56 day strength or some other suitable criterion. For example, a somewhat lower
compressive strength at 28 days may be acceptable knowing that the strength will continue to rise

substantially.

74



5.3.  Compressive strength characteristics of UHPC

Compression test specimens are prepared and tested as outlined in Sections 4.3.1. The mixes are
proportioned according to Table 5-1. The GGBS is selected as G1. The results of the test are shown

in Table 5-4 and illustrated in Figure 5-20. The effect of cement type is shown in Figure 5-20 and

can also be seen in Table 5-4 . The 14-days and 28-days compressive strengths are 20.9 ksi (143.6)
and 22.5 ksi (155.3 MPa), 19.6 ksi (135.4 MPa) and 22.7 ksi (156.7 MPa), 20.2 ksi (139.0 MPa)
and 23.1 ksi (159.5 MPa), respectively for cements LA, ST and LE. A review of the chemical
composition and Blaine fineness of the three types of cement shows that they have the same
amount of C2S+C3S, but the C3A content is less than 8% for ST and LA, while the C3A content
for LE is 9.4%. In terms of Blaine fineness, the fineness of LE is slightly higher than LA and ST,

which is 421 m*/kg.

One of the critical performance indicators of UHPC is its flowability. Therefore, it is
recommended to use a cement with a low C3A content and moderate fineness. The reason for
selecting cement with a low amount of C3A is that the hydration process of C3A is fast and the
associated increase in the surface area of the particles and the demand for water to surround the
particles during the mixing process leads to a higher viscosity [35,46]. On the other hand, higher
Blaine values reduces workability. This is because the contact area between the cement particle
and water increases with a decrease in the particle size of cement, causing a higher amount of
demanded water to disperse and hydrate cement particles. The test results show that the three types
of cement have a slight difference in chemical composition and fineness. The effect of these

differences on the properties of fresh and hardened is negligible.
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The effect of silica fumes on mechanical properties is shown in Figure 5-20. It can be seen
from Figure 5-20 (a), which shows that when the HRWR is H1, the influence of the type of silica
fume on the compressive strength is minor. For LA-EL-H1, LA-WM-H1, and LA-NC-H1, the 28-
day compressive strengths are 22.5 ksi (155.3 MPa), 21.7 ksi (149.6 MPa), and 22.1 ksi (152.4
MPa), respectively. The variation is less than 3%. For the combination with H3 and NC, however,
extremely low workability is manifested. As explained earlier, this is due to NC having a high

carbon content (nearly 6%) and therefore needing more water to promote the fluidity of the paste.

As mentioned earlier, the WM had a high zirconium dioxide content, which caused it to
exhibit better fluidity than its counterpart (see Figure 5-1) [69]. In terms of mechanical properties,
mixes with WM develop the 14-day compressive strength rapidly. However, beyond that, the
strength gain tends to stagnate. For example, the compressive strength of both LA-WM-H1 and
LA-WM-H2 at 14-day is 21.1 ksi (145.3 MPa) but increases slightly to 21.7 ksi (149.6 MPa) and
22.1 ksi (152.3 MPa) at 28-day, respectively (Table 5-4). The reason for this phenomenon is
unclear, but it is speculated that the high fluidity causes a precipitation of fibers, resulting in an

uneven stress distribution within the specimens.

Nevertheless, with some exceptions, the 28-day compressive strength of all mixtures was
above 21.7 ksi (150 MPa). Insufficient flowability results in a porous and inhomogeneous structure
and poorly compacted samples. On the other hand, excessively high flowability may cause
segregation of paste. The relationship between spread and compressive strength is presented in

Figure 5-21. It appears from Figure 5-21 that a reasonable spread is between 7 in and 10 in.
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Table 5-4 Compressive and tensile properties of UHPC

Avg. compressive first cracking Energy
strength strength | Post cracking Strain absorption | Average fiber
Name ksi (MPa) Gee, ksi strength capacity capacity stress
14 days 28 days (MPa) | Gpc, ksi (MPa) £pc (Y0) g,(llz;?rl]g)dS Gipe ksi (MPa)

LA-EL-H1 | 20.9 (143.6) |22.5 (155.3)| 0.95 (6.6) 1.3(9.2) 0.12 2.3 (12.7) 74.1 (511.1)
LA-EL-H2 | 19.4 (133.6) [22.8 (157.0)| 0.97 (6.7) 1.2 (8.3) 0.11 1.1(10.7) 66.9 (461.1)
LA-EL- H3 | 18.5 (127.3) [22.3 (154.0)| 1.04(7.2) 1.5 (10.1) 0.15 3.8(21.2) 81.3 (561.1)
LA-WM- H1| 21.1 (145.3) |21.7 (149.6)| 0.95 (6.6) 1.3(9.1) 0.11 2.4(13.2) 73.3 (505.6)
LA-WM- H2| 21.1 (145.6) |22.1 (152.3)| 1.02(7.0) 1.3(9.2) 0.12 2.6 (14.3) 74.1 (511.1)
LA-WM- H3| 19.1 (131.7) |23.1 (159.3)| 1.03(7.1) 1.4 (9.5) 0.13 3.3(17.9) 76.5 (527.8)
LA-NC- H1 |20.2 (139.4) [22.1 (152.4)| 0.94 (6.5) 1.3(9.1) 0.13 2.6 (14.1) 73.3 (505.6)
LA-NC-H2 | 18.3 (126.4) [21.5 (148.0)| 0.94 (6.5) 1.5(9.2) 0.08 1.9 (10.6) 74.1 (511.1)
LA-NC- H3 Not Available

ST-EL- H1 | 19.6 (135.4) |22.7 (156.7)| 1.07 (7.4) 1.5 (10.1) 0.17 4.0 (21.9) 81.3 (561.1)
ST-EL- H2 | 19.3 (133.1) |21.8 (150.4)| 0.93 (6.4) 1.5 (10.1) 0.23 4.8 (26.6) 81.3 (561.1)
ST-EL- H3 | 18.2 (125.4) |21.7 (149.6)| 0.93 (6.4) 1.4 (9.4) 0.12 2.9 (16.0) 75.7 (522.2)
ST-WM- H1|21.2 (146.4) |21.7 (149.5)| 0.87 (6.0) 1.5 (10.0) 0.14 3.1(17.3) 80.6 (555.6)
ST-WM- H2|20.4 (140.6) |22.9 (158.1)| 0.81 (5.6) 1.3 (8.7) 0.22 3.5(19.2) 70.1 (483.3)
ST-WM- H3| 18.4 (126.7) |21.6 (149.3)| 0.89(6.1) 1.5(10.2) 0.25 5.3(29.2) 82.2 (566.7)
ST-NC- H1 | 19.9 (137.3) |22.0 (151.6)| 0.78 (5.4) 1.3 (8.9) 0.16 2.5(13.9) 71.7 (494.4)
ST-NC- H2 | 19.6 (134.9) |21.3 (146.8)| 0.78 (5.4) 1.4 (9.7) 0.22 4.2 (23.2) 78.1 (538.9)
ST-NC- H3 Not Available

LE-EL- H1 | 20.2 (139.0) |23.1 (159.4)| 0.73 (5.0) 1.3(9.2) 0.22 3.8(20.8) 74.1 (511.1)
LE-EL- H2 | 19.4 (134.1) |24.1 (166.0)| 1.10(7.6) 1.4 (9.7) 0.13 4.7 (25.6) 78.1 (538.9)
LE-EL- H3 | 19.4 (133.6) |22.2 (153.2)| 1.00 (6.9) 1.4 (9.9) 0.21 4.2 (23.1) 79.8 (550.0)
LE-WM- H1| 19.6 (135.5) |21.7 (149.8)| 1.18(8.1) 1.4 (9.5) 0.12 3.2(17.5) 76.5 (527.8)
LE-WM- H2| 17.7 (121.8) |21.6 (149.1)| 0.93 (6.4) 1.5(10.3) 0.12 2.3 (12.4) 83.0(572.2)
LE-WM- H3| 19.2 (132.2) |22.3 (154.0)| 1.04(7.2) 1.5(10.2) 0.13 3.5(19.1) 82.2 (566.7)
LE-NC-H1 | 20.3 (19.5) {23.5(161.8)| 0.83(5.7) 1.5 (10.1) 0.16 2.8 (15.3) 81.4 (561.1)
LE-NC-H2 | 19.4 (133.8) |21.9 (151.2)| 1.19(8.2) 1.4 (9.5) 0.07 2.0(11.2) 76.5 (527.8)
LE-NC- H3 Not Available
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5.4. Tensile behavior of UHPC

The typical tensile stress-strain curve for UHPC is shown in Figure 5-22. Following the
definitions in Naaman [116], the material is strain hardening because the post-cracking strength
(tensile strength) is more than the initial cracking stress. The idealized tensile response splits the
tensile behavior into three parts. The first part is elastic response, which continues up until the
specimen develops an initial crack, known as the first cracking strength point ( g, , €pc) in Figure
5-22. Following this, the material then exhibits strain hardening up until its peak point (g, , €pc).
The strain hardening behavior of part II is typically characterized by multiple crack development
in the gauge length of the specimen. Following the strain-hardening region, the material then
begins to exhibit crack localization (part III). To facilitate discussion, the following parameters are

determined: post cracking strength (tensile strength), 0, , strain capacity, €,. , energy absorption
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capacity, g, and the average stress in the fibers, o, . The energy absorption capacity is the area
under the stress-strain curve until a softening trend occurs and the stress drops to g, = 0.95 g, .
The average stress in fibers oy, represents the average tensile stress in the fibers at peak tensile
stress in the composite. It is calculated based on the following equation.

Ofpc = ;—"2 Equation 5.4

where @ is an orientation factor, taken 0.9 for all series because most of the fibers are aligned in
the load direction due to the casting method employed as proposed in [1].

Tension test specimens were prepared and tested as outlined in Sections 4.3.2 and
documented in Appendix A. The mixes were proportioned according to Table 5-3. The GGBS was
selected as G1 whereas 2% by volume steel fibers were used. The results of the test are shown in

Table 5-4 and illustrated in Figure 5-23 through Figure 5-26. It can be seen from the stress-strain

relationships in Appendix A that all mixtures exhibited strain hardening behavior. Another key
observation is that the peak tensile strength of all mixtures exceeded 1.2 ksi, fulfilling the
minimum requirement for field-cast UHPC as noted in [22]. All mixtures showed little variation
and no clear trend between the types of cement, silica fume, and HRWR emerged.

Figure 5-24 and Table 5-4 summarize the strain capacity values for each series. Strain
capacity is characterized by &,., which ranged from 0.11 to 0.25. These values are a little less than
observed in previous testing [5]. The lower strain capacity is attributed to the use of shorter steel
fibers (0.5 inches (13 mm) in length in this work) versus the longer fibers previously used (0.75
inches (19 mm)) The use of shorter fibers reduces the capacity to better develop multiple cracking
and promotes early stress softening. The deleterious effect of shorter fibers is also manifested in

lower energy absorption characteristics (Figure 5-25). The energy absorption values range from
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10.7 kJ/m? to 29.2 kJ/m>. According to the classification scheme proposed by Naaman and
Reinhardt [116], the UHPC mixes studied in this work can still be classified as tensile strain

hardening. The average fiber tensile stress for all series is shown in Figure 5-26.
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5.5.  Effect of fiber characteristics

Mixture ST-EL-H1 was selected to further study the effect of fiber characteristics on UHPC
performance. The mix has a good set of workability and mechanical characteristics. The mix turned

over within 3 minutes and had a spread of 8.8 in (223 mm). Its compressive and tensile strengths

were 22.7 ksi (156.7 MPa) and 1.5 ksi (10.1 MPa), respectively.

The experimental variables were fiber length (0.5 in (13 mm) versus 0.75 in (19 mm)),

fiber material (steel versus polymer), and fiber dosage (a volume fraction of 2% versus 1.5%). The
properties of the mixes selected for study are shown in Table 5-5. The naming scheme follows the
previous one, except that the fiber type and dosage are appended. In Table 5-5, F19 implies 19 mm

fiber while F13 refers to 0.5 in (13 mm) fibers, PF (refer to Table 3-5) are polymeric fibers, while

the numbers 1.5% and 2.0% refer to the fiber dosage.

The test results for all mixes are shown in Table 5-5 and Figure 5-27. Mix ST-EL-H1-F19-
2.0% had a 28-day compressive strength of 23.2 ksi (160.4 MPa) whereas ST-EL-H1-F19-1.5%
had a strength of 22.1ksi (152.6MPa). The reduction of 5% is attributed to the lower fiber dosage.
A similar slight drop can be seen in ST-EL-H1-F13-2.0% versus ST-EL-H1-F13-1.5%, where the
28 day compressive strength drops from 22.7 ksi (156.7 MPa) to 22.3 ksi (154.2 MPa). The effect

of aspect ratio of the fiber does not seem to play a significant role in the compressive strength.

The polymeric fibers (at both dosages) caused almost complete loss of fluidity during
mixing. In addition, the 28 day compressive strength is substantially lower than for steel fibers,
i.e. 14.8 ksi (106.3 MPa) for ST-EL-H1-PF-2.0% versus 23.2 ksi (160.4 MPa) for ST-EL-HI1-F19-

2.0%. Clearly, the polymeric fibers selected are not suitable for UHPC.
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The post-cracking strengths of ST-EL-H1-F19-2.0% and ST-EL-H1-F13-2.0% are 1.8 ksi
(12.6 MPa) and 1.5 ksi (10.1 MPa), respectively. The corresponding strain capacities are 0.5% and
0.17%. As previously discussed, fibers with higher aspect ratios are beneficial for redistribution of
stresses after first cracking and promote multiple crack development. These results are also
reflected the energy absorption characteristics (61.8 kJ versus 21.9 kJ, respectively). The bonding

force is typically related to half the length of the fiber in the composite.

The results pertaining to fiber dosage are mixed. For example, ST-EL-H1-F19-1.5% has
the same peak tensile strength (1.8 ksi (12.1 MPa)) as ST-EL-H1-F19-2%. However, mix ST-EL
-H1-F13-1.5% had a peak tensile strength that was lower than ST-EL-H1-F13-2.0% (1.1 ksi (7.5

MPa) versus 1.5 ksi (10.1 MPa)).

Table 5-5 Effect of fiber effect on mechanical properties of UHPC

Avg. compressive Energy
strength Post cracking| Strain absorption Stress in the
Name ksi (MPa) strength capacity capacity fibers
14 days 28 days Gpe, ksi (MPa)|  gpc (%) g, keal/yd® Gipc ksi (MPa)
(kJ/m®)
ST-EL-H1-F19-2.0%|19-0 (131.2)| 23.2 (160.4) | 1.8 (12.6) 0.50 11.2 (61.8) 101.5 (700.0)
ST-EL-H1-F19-1.5%|19-1 (132.0)| 22.1 (152.6) | 1.8 (12.1) 0.34 8.9 (48.7) 130.0 (896.3)
ST-EL-H1-F13-2.0%|19-6 (135.0)| 22.7 (156.7) | 1.5 (10.1) 0.17 4.0 (21.9) 81.3 (561.1)
ST-EL-H1-F13-1.5%|19-4 (134.0)| 22.3 (154.2) 1.1(7.5) 0.15 3.8(20.7) 80.6 (555.6)
ST-EL-H1-PF-2.0% | 12.2 (84.3) | 14.8 (102.0) -- - - -
ST-EL-H1-PF-1.5% | 13.3(91.9) | 15.4 (106.3) -- -- -- --

&9
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Figure 5-27 Effect of fiber type, length and dosage on mechanical properties of UHPC

5.6.  Durability

Unlike regular concrete, which has a large and continuous pore structure, UHPC's dense

matrix can provide exceptional durability [5], extend the life of the structure, reduce maintenance

costs, and help achieve a more sustainable infrastructure. To evaluate the durability of the non-
proprietary UHPC, the properties of several mixtures are investigated by evaluating the presence
and distribution of air voids, the ingress of chlorides, and the material's resistance to freeze-thaw
cycling. The main experimental variables are the type of silica fume and the amount of
superplasticizer. The proportion of the mixture is shown in Table 5-1, three types of silica fumes
were studied, which were Elkem-955 (EL(955)), Elkem-965 (EL(965)), and Norchem (NC). In
addition, for the EL(965) blend, three different H1 (ViscoCrete 2100 from Sika Inc.) dosages were

used: 1.35%, 2% and 3% by weight of the cement, respectively. The previous naming scheme is
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employed except that the HRWR dosage is appended. For example, EL(955)-H1-3.0% indicates

that Elkem 955 silica fume is used and that HRWR for H1 is 3.0%.

5.6.1. Analysis of air void distribution

Table 5-6 and Figure 5-28 to Figure 5-30 summarize the air void analysis results for UHPC
samples by the ASTM C457 modified point count method and linear transverse method. As
discussed in Section 4.4.1, the linear traverse method counts the number of voids along a single
line, while the point count method determines the number of voids within an area. Figure 5-28
shows the air content measured using these two methods. As can be seen from the figure, there is

good agreement between the two methods.

The entrapped air content in the fresh and hardened UHPC mixture can be reduced when a
suitable dose of HRWR is used. Typical air content ranges from 0.3 to 6% by volume of the
mixture, depending on the composition of the UHPC [35]. In this study, the results from the figure
show that the air content for different UHPCs ranges from 4.5% to 6.2%. The type of silica fume
does not seem to affect the air content. For example, the air content for EL(955)-H1-3.0%,
EL(965)-H1-3.0%, and NC-H1-3.0% varies in a tight range from 4.5% and 4.8%, respectively.
The trapped air is larger than 1 mm in size, and the contents are 1.4%, 0.8%, and 0.5%, respectively.
For EL(965)-H1-1.35%, less workability leads to more entrapped air which cannot escape from
the paste because of the high viscosity of the mixture. Poor workability also leads to a higher
content of air in the cavities and pores of the capillaries which have a significant impact on the
durability properties. Figure 5-29 shows the air void distribution on the surface of the specimen

for EL(965)-H1-1.35% where significant entrapped air bubbles can be seen.
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The Powers’ spacing factor is the most important indicator of the durability of the cement
paste in terms of freezing and thawing resistance. For ordinary concrete, the maximum value of
the spacing factor for moderate exposure to concrete is typically 0.20 mm. Although this indicator
may not be suitable for determining an appropriate measure of freeze-thaw resistance in UHPC,
considering the Powers’ spacing factor essentially estimates the mean thickness of the paste
fraction surrounding the air void under the assumption that all the voids are monosized spheres
located at the center of a cube. The volume of an array of such cubes packed together, along with
the inclusive air voids, is equal to the combined volume of air and paste in the concrete [94]. Since
the specific surface is an indicator of the average void size on the matrix surface, the Powers’
spacing factor hence give an approximation of how close the air voids are to each other. In essence,

a larger value indicates lower resistance to freeze-thaw.

Information on the air void size distribution as measured by the linear traverse method is
shown in Figure 5-30. It is well-known that the dose of HRWR affects the workability of the paste,
and a proper addition of HRWR results in better compaction and reduced air void size. According
to the test results, the most common air void size (in all mixes) is between 500-1000 um. If this is
defined as the upper limit of the entrained air void, it can be seen that the distribution of finer air
voids is almost identical in all mixtures and the cumulative air void content ranges from 3.2% to
4.4% (see Table 5-6). In addition, it can be seen from the Table 5-6 and Figure 5-30 that EL(965)-
HI1-1.35% has a relatively high amount of entrapped air content (> 1 mm) of 2.3%. Poor
workability leads to more entrapped air during mixing and casting which cannot escape from the

paste.
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Table 5-6 Air void analysis results for different mixes

. Modified Point Count .
Mixture Method Linear Traverse
Total Total Total | Entrained | Entrapped Pow;rs Specific
Paste . . ; . spacing
Air Agg. air air air Surface
Factor
%
% % % % % > (1 mm) mm I/mm
EL(955)-
H1-3.0% 57.5 4.8 37.9 4.5 3.2 1.4 0.644 11.19
EL(965)-
H1-1.35% 56.5 7.1 36.5 6.2 4.0 23 0.590 10.35
EL(965)-
H1-2.0% 48.3 4.9 46.9 4.9 3.5 1.4 0.677 9.44
EL(965)-
H1-3.0% 46.8 4.5 48.8 4.5 3.7 0.8 0.583 11.34
NC-H1-
3.0% 60.2 43 35.5 4.8 4.4 0.5 0.547 12.82
— 8 -
S ~
3 -
0 e
2 - e
E -~ d O
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Figure 5-28 Comparison between modified point count method and linear traverse test

method
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Figure 5-29 Air void profiles for the UHPC mixes with different HRWR contents
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5.6.2. Chloride penetration resistance test results

The ASTM C1202 test methodology is used to determine the chloride penetration
resistance of UHPC (see Section 4.4.2). All tests were conducted after 28-days of water curing.
After curing, the specimens were removed from the water and excess water blotted off. The
specimens were then sealed in an airtight can in order to keep the specimen in an environment with
95 % relative humidity. Each specimen was then mounted on the voltage cell and rubber gaskets

and sealants were used to seal the specimen-cell and its boundary to avoid liquid outflow.

Chloride penetration measures the coulombs passed through a vacuum saturated cylinder
exposed to a current for 6 hours. During the test, the temperature ranged between 70 °F (20 °C) to
80 °F (25 °C). The current was read and recorded every 30 min. The UHPC mixtures used in this
test did not contain steel fibers; since these fibers are not interconnected within the mixture, they

are not expected to affect the results of this test.

The RCPT results for all UHPC mixes are shown in Figure 5-31. The total charge passed
for EL(955)-H1-3%, EL(965)-H1-1.35%, EL(965)-H1-2.0%, EL(965)-H1-3.0%, and NC-HI-
3.0% is 26.5 Coulombs, 22.0 Coulombs, 33.0 Coulombs, 31.0 Coulombs, and 38.5 Coulombs,
respectively. It can be seen from these results that all UHPC specimens showed a very low chloride
ion penetrability, well below 100 Coulombs. According to ASTM C1202, the test demonstrates
that the UHPCs considered has low chloride ion penetration at 28-days, which could be classified
as negligible. This is in contrast to regular concrete with a water-cement ratio of 0.35, which passes
2290.0 Coulombs and regular concrete with a water-cement ratio of 0.4, which passes 5445.0

Coulombs.
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It is not surprising for UHPC to have extremely low or negligible chloride ion penetration
characteristics. As discussed in [5], partial replacement of cement by GGBS provides the best
resistance to chloride ion permeability. This is believed to be due to the use of a lower water-
cement ratio, the high dispersion in voids and the refinement of the pore structure characteristic of

UHPC. Also, the GGBS acts as a filler material and yields a significant reduction in the total charge

passed.
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Figure 5-31 Total charge passed for UHPC and regular concrete

5.6.3. Freeze-thaw (F-T) resistance of UHPC

The specimens were subjected to fast freeze-thaw testing in 3% sodium chloride (NaCl)
salt solution. The change in mass and relative dynamic elastic modulus were measured during the
test. Before the F-T test, the water absorption behavior is characterized by the moisture uptake of
2.8 in (70-mm) thick specimens with the test surface immersed 0.2 in(5-mm) in a 3% salt and
water solution. The test results are shown in Figure 5-32. It can be seen from this figure, there is
initially a rapid development with the square-root of time during the pre-saturation stage, which is

due to the typical capillary suction process occurring in well-connected pores. This gradually
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tapers off and transitions into a diffusion-controlled slow process. The whole process takes about
250 hours, which is obviously longer than regular concrete. In addition, Figure 5-32 shows that
all mixes tested had a very low water uptake percent, lower than 0.4% for all the mixes, while
regular concrete will absorb more moisture, approximately 1% [117]. This means that lower
capillary porosity absorbs a small amount of water and is less prone to saturation, translating into

higher resistance to freeze-thaw cycles and chloride and sulfate penetration.

An additional behavior that occurs during the freeze-thaw cycle is mass change, the
specimens lose mass as surface scaling occurs. The total amount of surface scaling after 96
cycles of freeze-thaw is as shown in Figure 5-33. The figure indicates a very slight scaling for all
mixes and their range varies from 84 to 142 g/m?. Studies have concluded that the mass loss due

to surface scaling in UHPC is well below the limiting values (1000-1500 g/m?) [36,118].

The relative dynamic modulus (RDM) provides a reliable measure for evaluating internal

frost damage, and is calculated as follows
2
RDMY% = %x 100 Equation 5.5

where c is the number of cycles of freezing and thawing, n. is the resonant frequency after c
cycles, and n is the initial resonant frequency (at zero cycles). The RDM result are shows in
Figure 5-34. The RDM values of the specimens did not show an obvious drop during the freeze-
thaw cycles and they always varied from 97 to 100 % of the initial value. This can be attributed
to the optimal particle packing density in UHPC, which can strongly decrease the void
connectivity within the concrete matrix; therefore, although scaling damage existed, the RDM

value did not show a clear change, indicating no internal damage.
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6. SCALING UP TO FIELD IMPLEMENTATION

6.1. Introduction

This chapter outlines efforts undertaken to achieve a successful field application using the
developed UHPC mixes. Four variants of the mixes discussed in Chapter 5 are considered
candidates for field application. The experimental variables are the amount of superplasticizer and
fiber length. Due to the sensitivity of mixing to the composition of silica fume, especially the
carbon content and the activity of cement, larger dosages of HRWR are explored to ensure suitable
workability for field applications. Three different doses of HRWR (i.e. 2.0%, 3.0%, and 3.5%) are
considered. Also, two different fiber lengths (0.5 inch [13mm] and 0.75 inch [19 mm]) are
considered. The mix proportions by weight are shown in Table 6-1 and the specific materials used

are discussed later on.

Table 6-1 Field mix proportions (by weight)

Ordina Silica Sand Steel Fiber
v Silica | HRWR
No | w/c |Portland Cement| GGBS F Sand | Sand| Length Ve
ume | (%)

Typel A B |inch (mm) (%)

1 2 1.21 | 0.75 (19) 2.0

2 2 1.21 ] 0.5(13) 2.0

0.22 0.5 0.5 0.25 0.30
3 3 1.21 ] 0.5(13) 2.0
4 3.5 1.20 ] 0.5(13) 2.0

6.2.  Laboratory trial batches

Laboratory mixing was done as outlined earlier in Section 4.1. After mixing was completed,

the rheology of the UHPC mix was assessed by measuring spread as outlined in Section 4.2.1. The
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compressive strength is obtained from cubes tested as outlined in Section 4.3.1 while tensile
strength is obtained using coupons tested as indicated in 4.3.2. Table 6-2 summarizes the properties
of the four trial mixes. Table 6-2 clearly confirms the beneficial effects of the longer steel fibers,
where Mix 1 (with 0.75 inch [19 mm] fibers) has a larger strain at peak tensile stress than the other
mixes with 0.5 inch (13 mm) fibers and a larger peak tensile strength, e.g. 1.87 ksi (12.9 MPa)
versus 1.38 ksi (9.5 MPa) for Mix 3. The longer fibers also lead to a slightly higher compressive
strength than the shorter fibers, e.g. Mix 1’s 28 day strength is 25.5 ksi (175.7 MPa) versus 24.6

ksi (169.2 MPa) for Mix 2. These results are consistent with the results outlined in Chapter 5.

As also seen in Chapter 5, the 28 day compressive strength decreases with increasing
amount of superplasticizer, e.g. the 28 day strength of mix 2 drops from 24.5 ksi (169.2 MPa) to
22.0 ksi (151.9 MPa) for mix 4, a 10% drop (Table 6-2). This is true also for tensile strength. The
effects of using GGBS are also evident, where the strength keeps rising substantially beyond 28
days, where an additional 2.5-2.9 ksi (17-20 MPa) strength is gained by 56 days. Synthesizing all
the results, it is clear that Mix 3 provides a good compromise between flowability and strength and

was selected for the field pour.
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Table 6-3 shows the amount and cost per cubic yard (in 2017 dollars) of the main
components of Mix 3. It also lists specific materials used and other alternative materials that were
explored. It is important to note that not all combinations of materials yielded good results. For
example, the Norchem silica fume had a high carbon content and could only be mixed successfully

with the Sika HRWR and not the other two candidates.

Table 6-2 Mechanical properties of laboratory and field batches

Spread Compressive strength Tensile
p ksi (MPa) strength | Strain at peak
No inch ks tensile stress
) ) _ ) (%)
(mm)| 7-d | 14-d | 28d 56-d (MPa)
84 | 17.6 | 21.6 | 255 28.5 1.87
1 0.41

(214) [(121.3)[(149.1)| (175.7) | (196.2) | (12.9)
, 84 | 17.1 | 214 | 246 | 272 1.6 017
(215) |(118.2)[(147.8)| (169.2) | (187.4) | (11.1) '

93 | 17.2 | 20.8 | 23.1 25.6 1.4

3 0.18
(235) [(118.8)((143.5)| (159.0) | (176.4) | (9.5)
9.4 16.4 19.9 22.0 14

4 S 0.14
(238) [(113.4)[(137.1)| (151.9) (9.6)
9.4 15.8 18.4 21.5 1.2

Field mix - 0.13
(238) [(108.9)((127.0)| (148.1) (8.3)

*Specimens not tested. Not enough were made due to an oversight.
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Table 6-3 Cost per component of Mix 3 in 2017 dollars

Quantity per Cost per
Component Cubic Yard of yard Trade Name Alternate Trade Names or
p UHPC (% of total) | or Supplier Suppliers*
(Ib)
Portland $44.4 Lafarge,
Type I 650 (5.0%) St. Mary L chigh
$38.5 St. Mary
GGBS 650 (4.3%) Grade 100 Lafarge (Grade 100 or 120)
- $71.7 Elkem Norchem,
Silica Fume 327 (8%) | Microsilica 955 Washington Mill
Sika Euclid Chemical: Plasto
$56.5 . 6400,
HRWR 392 (6.3%) V15cc2)1C(§8t6®- GCP Applied Technologies:
ADVA® Cast 575
$10.7 US Silica :
Sand A 395 (1.2%) F75 Fairmount Santrol
$42.9 US Silica :
Sand B 1580 (4.8%) F12 Fairmount Santrol
. $628
Steel Fibers 265 (70.4%) Nycon Bekaert
Total cost $892.7

*The majority, but not all combinations, of these materials resulted in a successful mix

6.3.  Field demonstration of UHPC application

UHPC was utilized on a bridge repair project located on Kilgore Road over the Pine River
(Structure No. 10091), Kenockee Township, MI. The location of the project is shown in Figure 6-
1 (a). The bridge is 44.7 feet long and 21.4 feet wide (Figure 6-1(b)). The repair effort using UHPC

entailed replacing the joints connecting the reinforced concrete slabs, i.e. a closure pour (Figure 6-

2(a))-
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(a) Location of UHPC deployment in the (b) Bridge site
State of Michigan

Figure 6-1 Bridge repair plan and site

Figure 6-2 (a) Closure pour and (b) transportation of UPHC to pour location

6.3.1. Mixing equipment

Mixing was carried out by a Michigan-based contractor employing the mix protocol used
in the lab and accomplished using two Mortarman 360 MBP pan mixers with a capacity of 8 cubic
feet. Each mix was limited to 5.5 cubic feet because higher mix loads led to mixing difficulties in
preliminary field mix experiments. The material’s viscosity increases dramatically at turnover and

the mixer’s engine was noted to labor noticeably at higher mix loads and even stall. Once
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successfully mixed, the material was discharged from the mixer into wheelbarrows for
transportation to the pour location. The UHPC was then poured into hoppers, which directed the
flow of UHPC into the joints (Figure 6-2 (b)). The hoppers were eventually deemed not useful and
abandoned about half way into the pour. The flowability of UHPC requires well-constructed
formwork to eliminate leakage. Threaded rods and nuts were used to ensure that the bottom

formwork did not leak (Figure 6-2 (a)).

6.3.2. Mixing process

Construction took place on a hot summer day. The temperature was forecast to range from
73 °F to 89 °F. The high temperature prompted concerns about water evaporation during mixing.
Since UHPC uses a small w/c ratio, loss due to evaporation could result in a degradation in the
fresh and hardened properties of UHPC. The ambient temperatures during a few batches are
summarized in Table 6-4 along with the measured mix temperatures. The latter are generally

higher than the former due to the mixing energy imparted to the mix and heat of hydration.

Table 6-4 shows that, in general, the turn over time is substantially less than that observed
with the Hobart mixer in the lab. It is not clear why that is the case, especially because the field
mixer is slower than the lab mixer. However, it is possible that the field mixing attachments are
more effective than the lab mixer in inducing shear into the mix. The general trend of faster
turnover time with larger mixer was actually observed in the lab when larger mixers were
employed in the pilot study, although not to the extent seen in the field mix. Two other observations
are evident from Table 6-4. First, turnover time increases somewhat with ambient and mix

temperatures, and second, the spread drops significantly as the mix temperature increases.
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Table 6-4 UHPC fresh test results

Ambient Mixture
Turnover Spread
Batch Temperature Temperature
Time (F) (F) inch (mm)
| 1°30” 75 80 9.4 (238)
3 2°05” 77 95 7.9 (200)
4 2°30” 78 86 9.1 (231)
7 2°45” 80 85 8.7 (220)

The first batch was mixed at an ambient temperature of 75 °F. The mix temperature peaked
at 80 °F and the spread was 9.4 in (238 mm). The ambient temperature for the 2" batch was 77 °F,
but the mix temperature rose to 95 °F. The increased mix temperature caused a marked reduction

in spread, decreasing to 7.9 inch (200 mm) from 9.4 inch (238 mm) for the first batch.

To address the adverse effects of high mix temperature and with the knowledge that the
temperature would rise as the day progressed, cubed ice was added as a replacement for some of
the mix water as recommended in [5]. On site experimentation showed that a 40% replacement
yielded good results and kept the mix temperature to below ~ 85°F, which seems to be a point

beyond which the spread drops quickly. Figure 6-3 shows the steps of the field mixing process.
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Figure 6-3 Field mixing process

6.3.3. Casting process

UHPC was cast at a rate that did not allow it to flow too far during placement in order to

minimize preferential alignment of the fibers in the direction of flow. This was done by starting
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the casting process at one end of the joint and proceeding to the other end at a speed comparable
to the flow speed of the fresh mix. The forms can be coated or pre-wet to ensure that they do not
absorb water. The latter route was selected as the more practical solution. The surface of existing
concrete and the rebars were also pre-wet to prevent the mix from losing water to the dry surfaces
(Figure 6-4 (a)). Once casting was carried out, top forms were added to promote expulsion of

trapped air and reduce surface dehydration (Figure 6-4 (b)).

(a) Pre-wetting and placement (b) Top forms after placement

Figure 6-4 Casting of UHPC into the longitudinal connection

6.3.4. Post-curing inspection

After the formwork was stripped (1 day after construction day), the top surface of the
UHPC joints was seen to have some small holes and shrinkage cracks (Figure 6-5). These defects
are attributed to two factors: 1) dehydration of the top layer associated with the extremely hot
weather during construction day, and 2) entrapped air rising during curing. Nevertheless, a close

examination showed that the underlying material is sound.
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(a) Poured UHPC connection (b) Shrinkage cracks on the surface

Figure 6-5 Field cast result

6.3.5. Comparison between lab and field properties

Cubes and coupons were made during field mixing in order to compare field properties to lab
values. As with the lab program, cube testing of the field mix was done according to ASTM C109.
As shown in Table 6-2, the 7-days, 14-days, and 28-days compressive strengths are 15.8 ksi (108.9
MPa), 18.4 ksi (127.0 MPa), and 21.5 ksi (148.1 MPa). The tensile strength is 1.2 ksi (8.3 Mpa),

also shown in Table 6-2.

The 28-day compressive strength of the field mix is 1.5 ksi (10 MPa) less than the lab one.
The tensile properties of the field mix are also lower than those the lab one. For example, the
tensile strength is 1.2 ksi (8.3 MPa), which is less than 1.3 ksi (9.3 MPa) for the lab mix. The strain
at peak tensile stress is 0.13%, which is less than that seen in the lab mix (0.18%). Two hypotheses
are advocated to help explain this discrepancy. The first is that it is possible that the hot weather
caused mix water to evaporate rapidly, thereby compromising hydration. The second is that the
mixer, while efficient at turning over the mix quickly, did not achieve uniform enough mixing

causing incomplete dispersal of the mix constituents. In spite of these relatively small
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discrepancies, the field mix hardened properties do not differ too much from their corresponding

lab mix values.

6.4. A note about cost

To satisfy the requirements of the Michigan Department of Transportation, the material
utilized in this project used constituent components that were available on the open US market. At
$2.37 per pound, the steel fibers, in particular, were the most expensive component (refer to Table
6-3 for cost and percentage of total cost). Fiber costs will likely drop with increasing demand. At
present, several suppliers outside of the United States produce steel fibers at a reduced unit cost.
For example, a recent web search showed multiple Chinese suppliers offering high strength steel
fibers for $0.30 per pound. Using these suppliers, and assuming that the fiber quality is similar to
the US products, will dramatically reduce the current cost of a non-proprietary UPHC mix per
cubic yard to $344 from $892.7 (Table 6-3). Another cost reducing step is to decrease the amount
of steel fibers from 2% to 1.5% by volume. Research documented in [1] showed that this lower
level of fiber dosage still yields a material with good short term and long term properties. However,
even with a reduced cost, UHPC is still a relatively expensive material, although its extremely high
durability has the potential to significantly reduce life cycle costs. Research is needed to fully

evaluate the long term benefits, which are likely considerable.

6.5.  Summary and conclusions

This chapter reported on a field construction project using a non-proprietary blend of

UHPC. The properties of the material as mixed in the lab were first discussed and then the field
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pour project was described. Then, the properties of the field mixed materials were compared to

those seen in the lab and the cost of the UPHC discussed.

Casting UHPC on a warm day led to two complications: 1) a reduction in the spread
(flowability) because the excessive temperature compromised the effectiveness of the HRWR, and
2) the potential for evaporation of water during mixing and placement. To address the former, it
was recommended that about 40% of the mix water should be replaced with ice. Substantially
hotter days will require greater ice quantities, which can be ascertained by trial and error. The
objective is to cool the mix to less than 85 °F to ensure effectiveness of the superplasticizer. The

latter issue can only be resolved by speeding up the mixing and placing processes.

The 28 day compressive strength of the field-mixed material is 21.5 ksi (148.1 MPa), which
is about 1% less than the 21.7 ksi (150 MPa) needed to define the material as UHPC. However,
the 28 days strength is misleading in this case because the material continues to gain substantial
strength due to the use of GGBS. To address this issue, it seems reasonable to specify an
acceptance limit for UHPC that includes a tolerance. For example, a limit of 20.3 ksi (140 MPa)
at 28-days or with the caveat that the material reaches 21.7 ksi (150 MPa) at 56 days. FHWA

recommends a limit of 21 ksi (145 MPa) at 28-days.
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7. SUMMARY, MAJOR CONCLUSIONS AND FUTURE RESEARCH

7.1.  Summary

The objective of this project was to systematically investigate the characteristics of non-
proprietary UHPC, while considering cost optimization, feasibility of field construction, and
providing relevant information for the development of a special provision for field use of UHPC.
The specific research objectives were: 1) Understand why an earlier UHPC mix did not scale up
for field application; 2) Conduct further optimization studies of fibers and cementitious
components, to determine the range of material properties that will lead to a successful larger scale
mix regardless of potential sources of key ingredients; 3) Provide material properties for
engineering design and specifications; and 4) Demonstrate constructability of the mix on large

scale closure pours in a field environment.

The first phase of the work examined the fresh, short-term and long-term properties of
UHPC. These tests were conducted to develop the knowledge required to control the quality of the
non-proprietary UHPC developed in this project. Next, to ensure that the non-proprietary UHPC
investigated in this study is truly generic, its components were sourced from multiple vendors. In
particular, the ordinary Portland Type I cement, silicon fume, and high range water reducer used
in this research were each obtained from three different suppliers to study the effect of material
sources on UHPC performance. Another test variable was the slag activity level of GGBS (two
levels considered) and the impact of GGBS content on UHPC properties. In particular, a key
question that was explored was how much cement can be replaced by GGBS. Tests conducted

included workability, hydration heat, autogenous shrinkage, freeze-thaw, rapid chloride
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penetration and air void distribution. Steel fibers with two different aspect ratios were also

investigated and the possibility of replacing steel fibers with polyethylene fibers was also explored.

7.2.  Why field-mixing failed in the previous project

A previous project funded by MDOT developed a generic, cost-optimized UHPC mix
(named MI-UHPC) that performed exceptionally well in the lab but could not be mixed during
field trials. The results of this project shed light on the reasons why the field-mixing process failed

in the previous project.

The lab mix used in the previous project employed 900W silica fume, an undensified
product from Elkem, Incorporated, with a 0.6% carbon content. The field mix employed PCA-
DSF, a densified silica fume from Premiere TM Concrete Admixture Company that had a carbon
content of almost 10%. The fact that the silica fume in the field mix was densified posed an
additional challenge for the mixer as it tried to deagglomerate the material and sufficiently disperse
it during dry mixing. The high carbon content was another issue and likely more important
problem. Research in this project showed that increasing the carbon content will increase the
demand for water, which could impede mixing unless a sufficient amount of HRWR is added. In
the previous project, the amount of HRWR used was too low (at 1.35% by weight of the cement)
to permit mixing. The research in this report suggests that mixing of generic UHPC is feasible as
long as a sufficient amount of HRWR is provided and the mixer has sufficient capacity to turn

over the mix.

7.3.  Major Conclusions

The following conclusions can be made based on the investigations in this work:
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Field efforts to mix generic UHPC in an earlier project failed for four key reasons: 1) the
silica fume used in the field had a high carbon content, which drove up water demand, 2)
the dosage of the high range water reducer (HRWR) was too low to compensate for the
higher water demand, making mixing more difficult, 3) the silica fume was a densified
product that posed an additional challenge for the mixer as it tried to deagglomerate the
material and sufficiently disperse it during dry mixing, and 4) the field mixer did not have
sufficient capacity to induce turnover in the wet mix, compromising the mixing process.
Results from this research project showed that generic UHPC can be successfully mixed
using components sourced from a variety of suppliers as long as a proper HRWR dose is
selected. An appropriate HRWR dosage can be identified through field trial batches in
order to achieve a mix that meets the required performance criteria and can be mixed in the
field.

The proposed mixing protocol reduces the burden on field mixers, allowing for larger mix
loads in the field.

With few exceptions, the 28-day compressive strength and peak tensile strength of all
mixtures (sourced from the various suppliers considered in this work) were higher than
21.7 ksi (150 MPa) and 1.2 ksi (8.3 MPa), respectively, fulfilling the minimum requirement
for field-cast UHPC. This means that truly generic UHPC is feasible to produce. Proposed
Special Provisions for making generic UHPC are provided in Appendix C.

One of the critical performance indicators of UHPC is its flowability. Insufficient
flowability can result in porous and inhomogeneous structures as well as poorly packed
samples. On the other hand, excessive workability may result in the segregation of the

paste. A reasonable spread is between 7 in and 12 in.
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Polycarboxylate-based HRWR was used in UHPC to increase the workability of the paste.
The test results showed that there was a mild, inverse relationship between HRWR dose
and compressive strength of UHPC. It is speculated that this adverse effect is due to the
increase in polymer surface coverage and effective layer thickness around the UHPC
particles. In order to balance the fresh and hardened properties of UHPC, a dosage of
HRWR of between 1.5% and 3% by weight of cement is suggested.

Testing showed that the HRWR dosage has a minor effect on the void distribution and
content of UHPC. All UHPC formulations tested had excellent resistance to freeze-thaw
and chloride ion penetration.

Partial replacement of cement by GGBS can improve the workability of UHPC paste, lead
to favorable self-consolidating characteristics and reduce air voids and porosity. The tests
results showed the total amount of air void in the concrete decreases with the increase in
the amount of replacement GGBS, which is beneficial for the durability of UHPC. An
optimal replacement value of 50% by weight is recommended based on the test results.
The test data showed that the aspect ratio of the steel fibers seems to play a relatively minor
role in the compressive strength of UPHC. However, a higher aspect ratio is beneficial for
redistribution of stresses after first cracking under tensile load and promotes multiple crack
development, which enhances energy absorption characteristics.

Reducing the steel fiber volume fraction from 2% to 1.5% also has a mild effect on the
compressive strength (a 5% reduction was observed).

High levels of carbon content in the silica fume can cause the demand for water to increase
during mixing, making mixing more difficult. Although successful mixing can still be

achieved by increasing the HRWR dosage, the increase in HRWR usage can cause a mild
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reduction in the material’s hardened performance, as noted in earlier conclusions. To
maximize the chances for successful mixing, it is best to use silica fumes with low carbon
content. It is recommended that the percentage of carbon be 2% or less in the silica fume
used. The silica fume should also be of the undensified type to facilitate dispersal during
dry mixing.

Field application of non-proprietary UHPC was successfully achieved for the Kilgore Road
Bridge Restoration Project on the Pine River in Kenockee, Michigan. Key lessons learned
during the field operation include:

0 Mixing during warm days can cause the mix to become too hot, adversely
affecting the effectiveness of the high range water reducer and significantly
decreasing the workability of mix. The adverse effects of high temperatures
can be alleviated by replacing some of the mix water with cube ice or the
casting process can be done at night. Field experiments showed that 40%
replacement yielded good results, but the actual replacement amount depends
on how hot the mix becomes. It is recommended that the mix should not
exceed 85 degrees F.

0 The 28-day compressive strength of the field-mixed material was about 1%
less than that required to define the material as UHPC. However, in this case,
the 28-day strength is misleading because the material continues to gain
substantial strength due to the use of GGBS. To solve this problem, it is
necessary to specify acceptance limits for UHPC that include appropriate

tolerances at 28 days provided that the full strength is reached later on, say by
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56 days. For example, a compressive strength of 20 ksi at 28 days may be

acceptable, provided 21.7 ksi is eventually reached at 56 days.

74. Commercial Potential of UHPC

The non-proprietary UHPC mixes developed in this work have strong potential for use in
structures that will be significantly more durable than currently possible with conventional

materials. The note in El-Tawil et al. [5] about cost is still valid as of the writing of this report:

“The current cost of a cubic yard of the nonproprietary UHPC developed in this
work is ... roughly 5x the present cost of regular concrete. Using [overseas supplier
for the steel fibers] ... will reduce the current cost of UHPC (including fibers) to $325
per cubic yard, which is only about twice the cost of regular concrete. For an initial
increase in material cost compared to regular concrete, whether 2x or even 5x, the
benefits of UHPC can be substantial compared to traditional concrete products ...
With durability that boasts virtually no deterioration after 60+ cycles of freeze-thaw
and almost no chloride penetration, UHPC structures will have extremely low
maintenance requirements, and therefore costs, for lifespans that are substantially

longer than currently possible.”

The unique characteristics of UHPC explored in this research open up new

applications, such as super-thin, very light, extremely durable, and ultra-long span structures,
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and offer an opportunity to build the next generation of infrastructure that is significantly

more robust, resilient and sustainable.
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9. APPENDIX A — STRESS-STRAIN PLOTS FOR ALL UHPC MIXES

This appendix lists the stress-strain plots for all tensile tests conducted on UHPC coupons.
For each set of tensile tests, at least 3 specimen tensile plots are averaged in order to produce a
single tensile response curve. The plots are averaged at each point along the strain range. The result
is then processed through a moving average filter to account for minute changes due to the

sensitivity of the equipment. See Section 3.3.1 for further details.

131



LA CEMENT MIXES

9.1.

12

BN Ul ‘O $S21)G S[ISUL [,

LA-EL-H1

=
—

1S3 UL ‘O §§24§ O[ISUa],

Strain £ in %

12

B\ UI °O $S21)G S[ISUa T,

LA-EL-H2

1S UI O §s0J)S O[ISus ],

0.8

0.6

Strain £ in %

12

BJJN UI ‘O $52I1G 9[ISUa .

1.7

LA-EL-H3

<
(=

1S UL ‘O $S2JIQ O[ISua ],

0.4 0.6 08

Strain £ in %

0.2

132



12

BJJN UL ‘O $52Mg S[ISUs [,

LA-WM-H1

- - - - - - ----—=§

-
—

I

-l o

— o

18] UL O $S01)G S[ISUo,

0.0

0.4 0.6 0.8

Strain £ in %o

0.2

12

BJJN UI ’O S5211Q 2[ISUa ],

20}
]
|
|
|
|
|
|
|

LA-WM-H2

F-—7 5= - _ =

1.7

=
=]

1S Ul ‘0 §SOI)S O[ISuo ],

0.4 0.6 0.8

Strain £ in %

0.2

12

B\ UI °O $521)G S[ISUa ],

1.7
2
6

LA-WM-H3

e}
| 1
|
|
|
|
|
|
|
T
|
|
|
|
|
|

0.0

1S UI O §s0J)S O[ISus ],

0.4 0.6 0.8

Strain £ in %

0.2

133



BJJN UL ‘O $52Mg S[ISUs [, BJJN UI ’O Ssang 2[Isus ], B\ UI °O $521)G S[ISUa ],

12
12
12

0.8
0.8

LA-NC-H1
LA-NC-H2
LA-NC-H3

0.6
0.6
|
|

%]
|
I
I
I
|
|
I
I

-
|
|
I
I
I
|

Strain £ in %o
Strain £ in %

_ _
| |
| ~ | o
| |
| |
| |
|

0.6 0.8

0.4

Strain £ in %
134

0.2

17
L

<
el
IS UL’D $8001G O[ISUd |, I3 UT/0 s8al)g S[ISUa ], ISy UL70 882015 S[Isus ]



ST CEMENT MIXES

9.2.

BN UL ’O 521§ 2[Isus ],

12

ST-EL-H1

1.7

18] UL O $S01)G S[ISUo,

Strain £ in %o

BN UI *O SS2)g S[ISUa ],

12

ST-EL-H2

0.8

0.6

0.4
Strain g in %

02

™
—

12—
&
0.0

1S3 UL 'O SS2I)G S[ISUa],

12

BN UT ‘O Ssanlg o[Isus],

ST-EL-H3

1S3 UL’O SS2J1G 2[Isua],

0.8

Strain £ in %o

135



12

BN UI ‘O SS211S J[ISUD .

ST-WM-H1

I

L

I
o o 0
—

0.0

— =
1S UL 7O SS2JIG 2[ISU2],

0.8

0.6

0.4
Strain £ in %

0.2

12

BN UI *O SS2)g S[ISUa ],

12

B\ UI °O $521)G S[ISUa ],

ST-WM-H2

Strain g in %

1.7

1S3 UL 'O SS2I)G S[ISUa],

ST-WM-H3

e}
|
|
|
I
|
I
|
|

1.7

=
<=

1S UI O §s0J)S O[ISus ],

0.4 0.6 0.8

Strain £ in %

0.2

136



12

BN U1 ’0 521§ 2[ISus ],

ST-NC-H1

e~~~ F - - - - -dq-—----—|=§

-
—

|

L

I

o] o

— <

IS UL’O $82I)G S[ISua ],

0.0

0.6 0.8

0.4
Strain £ in %

02

12

BN UI *O SS2)g S[ISUa ],

ST-NC-H2

1.7

1S3 UL 'O SS2I)G S[ISUa],

Strain g in %

12

B\ Ul 'O Ssang S[Isuo ],

ST-NC-H3

17

1S UL 0§01 S[ISU9 |,

0.0

0.8

0.4 0.6

Strain € in %o

0.2

137



LE CEMENT MIXES

9.3.

12

BN UL ’O 521§ 2[Isus ],

LE-EL-I1

-
—

|

|

I

-l o

— o

18] UL O $S01)G S[ISUo,

0.0

0.4 0.6 0.8

Strain £ in %o

0.2

12

BJJN UI ’O S821)Q S[ISUa ],

1.7

LE-EL-H2

=
=]

1S Ul ‘0 §SOI)S O[ISuo ],

0.4 0.6 0.8

Strain £ in %

0.2

12

B\ UI °O $521)G S[ISUa ],

e}
|
|
|
|
|
|
|
|

LE-EL-H3

1.7

I

S 0

— =

mmM ﬁm D 882015 Dﬁww—.ﬂum—w

0.0

0.4 0.6 0.8

Strain £ in %

0.2

138



12

BJJN UL ‘O $52Mg S[ISUs [,

1.7

LE-WM-I1

e - - - - -~ ---—|=§

0.0

18] UL O $S01)G S[ISUo,

0.4 0.6 0.8

Strain £ in %o

0.2

12

BJJA UI ‘O $S21)S O[ISUd

1.7

LE-WM-H2

0.0

1S3 UL ’O $S2I)S S[ISus ],

0.6 0.8

0.4
Strain g in %

0.2

12

B\ UI °O $521)G S[ISUa ],

1.7

LE-WM-H3

e}
| 1
|
|
|
|
|
|
|
T
|
|
|
|
|
|

0.0

1S UI O §s0J)S O[ISus ],

0.4 0.6 0.8

Strain £ in %

0.2

139



12

BJJN UL ‘O $52Mg S[ISUs [,

LE-NC-H1

S

1.7

0.0

18] UL O $S01)G S[ISUo,

0.4 0.6 0.8

Strain £ in %o

0.2

BJJN UI ’O S821)Q S[ISUa ],

12

0.8

LE-NC-H2

0.6

1S Ul ‘0 §SOI)S O[ISuo ],

Strain £ in %

12

B\ UI °O $521)G S[ISUa ],

LE-NC-H3

e}
1 — [
|
|
|
|
|
|
|
T
|
|
|
|
|
|

1.7

1S UI O §s0J)S O[ISus ],

=
<=

0.4 0.6 0.8

Strain £ in %

0.2

140



16

BN UL ’O 521§ 2[Isus ],

[ -

O -

‘ ST-EL-H1-F19-2.0% | L

[ -

___L_____L_____L_____L______8
]

o
-l

L

|

1

o o

— (]
mwv~ —Hw ] ssans Dﬁmmﬁmrﬁ

0.0

0.8

06

Strain £ in %o

0.4

0.2

16

BJJN UI ‘O S5amg S[ISUa [,

ST-EL-H1-F19-1.5%

o
€

1S Ul ‘0 SSOI)S O[ISuo],

Strain £ in %

16

B\ UI °O $521)S S[ISUa ],

ST-EL-H1-F13-1.5%

23

1S UI O §s0J)S O[ISus ],

Strain £ in %

141



10. APPENDIX B — RESULTS OF FREEZE-THAW TESTING - RILEM

This appendix lists the raw results from the freeze-thaw testing outlined in section 4.3.1.
For each specimen, the internal damage as measured by the relative dynamic modulus; moisture

uptake and salt scaling are listed.
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11. APPENDIX C - RECOMMENDED SPECIAL PROVISION

Recommended special provisions were developed for the proposed UHPC blends. The
provisions are necessary for MDOT to bid future UHPC projects and are designed to be adopted

as is.
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RECOMMENDED SPECIAL PROVISION

FOR
PRODUCTION OF MICHIGAN ULTRA HIGH PERFORMANCE CONCRETE (Ml -
UHPC)
OFS:SCK 10f4 APPR:XXX:YYY:00-00-19

a. Description. This special provision addresses the production of Michigan Ultra High
Performance Concrete (Mi-UHPC). Mi-UHPC must be used at locations specified on the plans.
All work must be in accordance with the standard specifications, except as modified herein.

b. Materials. The concrete mixture must contain the following materials per cubic yard. Four
mixes are listed with different amounts of High Range Water Reducers (HRWR). Other amounts
of HRWR and alternative material proportions may be used if the resulting mix is shown to achieve
the performance outlined in section h of this special provision and approved by the Engineer.

Material Weight [Iblyd3]
T Mix A" | MixB' | MixC' | Mix D'
Portland Type | 653
Slag Cement 653
Silica Sand
Fine Sand? 398 396 395 394
Coarse Sand? 1590 1586 1982 1577
Silica Fume 327
Water 276 272 268 264
High Range Water Reducer*> 20 26 33 39
Steel Fibers® 265

" Mixes A, B, C and D have HRWR dosages of 1.5%, 2%, 2.5% and 3%, respectively.

2 Grain sizes 80-200 microns

3 Grain sizes 400-800 microns

4 Polycarboxylate ether-based high range water reducer

5 High range water reducer dosage rates can be adjusted to meet the paste flowability
requirements, Dosages range vary with the type of silica fume and range from 1.5% to 3.0% by
weight of the cement.

6 The steel fibers are 2% by volume.

Steel fibers — Straight cold-drawn wire conform to ASTM A820, Type | fibers. They must
have a diameter of 0.008 in (0.2mm)-0.012 in (0.3 mm) and length of 0.5 in (13 mm)- 0.75
in (19 mm), and a minimum tensile strength of 285 ksi.

High Range Water Reducer — After confirmation, the brand and dosage may not be
replaced without written approval of the engineer.

c. Equipment. Mixers capable of inducing sufficiently high shear to successfully mix the
UHPC must be used. Pumping Mi-UHPC is not permitted.

d. Submittals. Submit the following to the Engineer, at least 21 days before placing for
review and approval:



A Material certifications and manufacturer’s published product literature.
B. A quality control plan that must include, but is not limited to, the following:
(1) Mixing protocol.
(2) Casting procedure.
(3) Sampling and testing procedure.
(4) Curing procedure.

e. Pre-Pour Meeting. Prior to the initial placement of the Mi-UHPC, the Contractor must
arrange for an onsite meeting with the Engineer and Construction Field Services. The objective
of the meeting will be to clearly outline the procedures for mixing, transporting, finishing and curing
of the Mi-UHPC, and to review the trial batch requirements.

f. Trial Batch. Conduct trial batches using the four mixes listed in this special provision
subsection b. Select the mix with lowest amount of HRWR that meets the flowability requirements
of subsection g.5 of this special provision. In order to ensure the same construction conditions,
environmental conditions (e.g., time of day, weather, etc.) must be recorded and submitted to the
engineer after conducting the trial batches.

Demonstrate that the selected mixture meets the requirements of this special provision a
minimum of 21 days before concrete placement. The trial batch must be attended by the Engineer
and Construction Field Services. The trial batch must be of sufficient size to complete the ftrial
placement.

Trial Placement: Construct a full scale trial batch mix to use at least the minimum mix capacity of
the equipment, including quantities for sampling and testing. The trial placement must use the
equipment and the same forming, casting, and curing procedures that will be used during
construction. The trial placement must be witnessed by the Engineer and Construction Field
Services.

Provide the results of temperature, slump, density (unit weight), 3-day compressive strength, and
7-day compressive strength testing. Each compressive strength test must be conducted
according to subsection g.6 of this special provision. Submit the results of all tests above to the
Engineer for review and approval a minimum of 10 calendar days prior to the use of the Mi-UHPC
in the field .

To be considered a successful trial batch, the slump flow must be within the range of 7 to 12
inches, and the compressive strength must meet 12 ksi at 3 days, and 15 ksi at 7 days.

To be considered a successful trial placement, there must be no segregation of the Mi-UHPC and
no visible voids when the forms are removed.

If the trial batch or trial placement does not meet these requirements, discard the material and
repeat the trial batch and trial placement at no additional cost to the Department.



g. Construction.

1. Storage. Assure the proper storage of constituent materials, fibers, and additives
as required by the manufacturer’s specifications in order to protect materials against exposure
to moisture and loss of physical and mechanical properties.

2. Temperature Limitations. Do not place concrete at ambient air temperatures below
40 degrees F.

For cold weather casting, the top surface of the concrete must be covered with insulating
blankets, having a minimum R Value as specified in Table 706-1 of the Standard
Specifications for Construction, when the air temperature is below 60 degrees F. Insulating
blankets must meet the requirements of subsection 903.07.C of the Standard Specifications
for Construction. Leave insulating blankets in place for a minimum 7 calendar days.

For warm weather casting, replace a sufficient amount of the mix water with ice to keep the
mixture below 85 degrees F.

3. Mixing Protocol. The following mixing protocol must be followed:
A. Mix cement, GGBS, silica fume, and 20% of the silica sands for 5 minutes.

B. Add water and superplasticizer till turnover and formation of thick slurry. Do not
allow material to cake on the side of the mixer.

C. Incorporate remaining silica sand gradually and mix another 5 minutes.

D. Perform the slump flow test according to subsection g.5 of this special provision.
If the slump flow is between 7 and 12 inches, add the steel fibers into the mix. Do not
incorporate any Mi-UHPC into the project with slump flow outside the stated range.

E. Add fibers and continue to mix until fluidity is optimized (between 5 and 8 minutes).

4. Forms: The forms must be water tight and coated to prevent absorption of water. The
formwork must be resistant to the hydraulic pressure of the mix.

5. Quality Control. Submit a copy of all quality control records to the Engineer within 24 hours
after the date of concrete placement covered by the record.

Use a flow table to measure the slump flow for each batch of Mi-UHPC. Conduct the slump
flow test in accordance with ASTM C1437 without compacting and without moving or
impacting the base plate. Record the slump flow for each batch in the QC records. The slump
flow must be within the range of 7 to 12 in. Do not incorporate Mi-UHPC into the project with
slump flow outside the stated range.

6. Compression Testing Requirements. Make three sets of compressive strength test
samples for each day of placement. Each set consists of three 2x2 inch cubes. All test
samples must be cured using the same method of curing as outlined in the quality control
plan. The compressive strength tests must be conducted on a minimum of three 2x2 inch cube



samples according to ASTM C109. Testing shall be performed by an approved testing
laboratory.

7. Curing. Do not apply curing compound. The concrete surfaces must be continuously cured
with wet burlap per subsection 706.03.N.1.b, except that the wet burlap must be applied
immediately after casting.

h. Acceptance. The Engineer will sample the Mi-UHPC and test it for 4, 7, and 28 day
compressive strength and table slump flow. If the Mi-UHPC achieves a minimum of 12 ksi at 3
days, 15 ksi at 7 days, the table slump flow is within 7 to 12 inches, and Mi-UHPC placement,
segregation, and consolidation are acceptable, the Mi-UHPC for each representative placement
will be accepted.

i. Measurement and Payment. The completed work, as described, will be measured and
paid for at the contract unit price using the following pay item:

Pay Item Pay Unit
Conc, Michigan Ultra High Performance .............cccouviiieee Cubic Yard

Conc, Michigan Ultra High Performance will be measured in cubic yards based on plan
quantities. Payment for Conc, Michigan Ultra High Performance includes all labor,
equipment, and materials required for the first trial batch, forming, furnishing, testing,
placing, finishing, and curing the concrete according to this special provision. No additional
compensation will be made for trial batches or trial placements that fail to meet the
requirements of this special provision.
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