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Abstract

Ultra-high performance concrete (UHPC) is a type of concrete with advanced
mechanical properties compared to normal strength concrete and that can be used for
connections and repairs in bridges. Most UHPC used in the field is proprietary and
significantly more costly than normal strength concrete. The Oklahoma Department of
Transportation (ODOT) desires a UHPC alternative made with local, non-proprietary
materials. In this study, the application of a lab developed UHPC alternative developed
by McDaniel (2017) was tested and analyzed. The nature of this study was comparative,
so all methods and tests conducted were similar to a previous study performed by
Funderburg (2018) with a proprietary UHPC product, the Lafarge product Ductal®.

After reviewing relevant literature, some modification to the UHPC alternative,
J3, was required due to the excessive amount of high range water reducer (HRWR)
found on the surface of the concrete after mixing. Trial mixes of J3 were made to
optimize the amount of HRWR needed in the concrete used for specimens. Next, large
scale slab specimens were cast using two panels of ODOT Class AA mix and a UHPC
joint connecting the two panels. These slab specimens were tested in flexure, statically
and cyclically. Composite modulus of rupture specimens and slant shear specimens
were also made and were composed of half normal strength concrete acting as the base
concrete and half UHPC. The modulus of rupture specimens were cast at four different
interface angles and with three different surface preparations. The modulus of rupture
specimens were tested using three point loading and the slant shear specimens were
tested in compression. The results of both the large scale and small scale specimens

were compared to that of the previous study by Funderburg.
Xviil



This research study produced promising results in regards to the UHPC
alternative. While the J3 mix could benefit from improved workability, all specimens
still performed well in the testing stage. The sand blasting surface preparation and 45
degree interface angle performed the best but the wire brushed and 60 degree specimens
were also comparable. The slab specimens exceeded the calculated failure load possibly
due to the additional strength provided through the UHPC joint. The conclusions made
from this study, based on the properties tested, indicate that UHPC mix J3 is a

comparable alternative to Ductal® and would be useful for field applications.
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1 Introduction

This research study evaluated the use of Ultra-High Performance Concrete
(UHPC) in bridge joints in Oklahoma. UHPC is a type of concrete with advanced
mechanical properties including high compressive strength, high tensile strength and
high durability. While it is more expensive than that of normal strength concrete (NSC),
UHPC has a higher durability and therefore lasts longer than NSC. Utilizing UHPC can
increase the life span of bridges and other structures while also decreasing the size and
number of repairs needed throughout a structure’s life span. UHPC is a relatively new
material in the industry so further research is necessary to determine which applications

it would be the most useful in.

1.1 Purpose of Study

The Oklahoma Department of Transportation (ODOT) is evaluating the use of
UHPC for connections and repairs in bridges. A lower cost, alternative UHPC mix
design with materials available in Oklahoma is desired. The nature of this study is
comparative, so all methods and tests conducted will be similar to a previous study
performed by Funderburg (2018). This previous study utilized the Lafarge product

Ductal® instead of a local UHPC alternative.

1.2 General Overview

UHPC has recently been introduced in commercial applications. UHPC is
composed of various cementitious materials and has a water-to-cementitious materials
ratio that is typically less than 0.25. In addition, a high percentage of fiber

reinforcement is incorporated into the mixture. The Federal Highway Administration
1



(FHWA) requires a compressive strength greater than 21.7 ksi to be considered UHPC
(Graybeal 2011).

In general, UHPC requires slight modifications to standard concrete procedures.
The mixing procedure for UHPC is similar to that of normal strength concrete and a
conventional concrete mixer can be used to mix UHPC. However, it must be noted that
UHPC requires a higher energy input and prolonged mixing time. A high energy mixer
can be used to mitigate this need. Casting procedures can greatly affect the short and
long-term properties. UHPC is made up of optimized granular materials and requires a
minimal amount of water for hydration. Certain curing procedures should be used to
ensure the water will not escape before the concrete hydrates. The addition of heat may
often be included in the curing process to decrease the setting time and significantly
improve early age properties. Once the UHPC reaches a compressive strength of 14 ksi,
the concrete is considered to have reached an acceptable hydration level (Graybeal
2011). As aresult of UHPC’s advanced properties, many state transportation
departments have considered its use.

As previously mentioned, all tests conducted will be similar to that of a previous
study where Ductal® was used in all specimens. Ductal® has been used as a baseline
for much of the research conducted about UHPC in the industry. Ductal® however is
more expensive than typical concrete. Price is one of the largest driving factors for
developing and implementing a UHPC alternative mix design for research and

construction.



1.3 Previous Implementation

As of the year 2000, UHPC had become commercially available in the United
States. While UHPC is a fairly new construction material, in a short amount of time it
has made its way into infrastructure applications in North America, Europe and Asia
(Graybeal 2013). The most popular applications of UHPC include tee beams, girders,
and joints between deck panels. UHPC usage in new construction is a more common
application than repair and rehabilitation of older structures. Going forward, some of

these previous implementations can be developed to preserve existing infrastructure.

1.4 Research Conducted

This research investigated the bond strength and surface preparation between
NSC and UHPC. The bond between the two types of concrete was analyzed through
flexural and slant shear testing in small scale specimens. Composite modulus of rupture
specimens fabricated from NSC and UHPC were used in flexural testing. Cylinders
fabricated from NSC and UHPC were used for slant shear testing. Full scale slab
specimens with UHPC joints were loaded statically and cyclically while load,
displacement, and strains were monitored. The slab specimens were fabricated from two
panels of NSC and one intermediary UHPC joint. The slab specimens were used to
mimic replacement of a bridge joint with UHPC. The UHPC alternative, J3, was used

for all specimens in this study (McDaniel 2017).

1.5 Goals and Objectives
This study is an addition to a multi-phase project for ODOT (Floyd et al. 2016).

The goals of this project include exploring the practicality of the use of a UHPC

3



alternative and identifying appropriate materials to be used in construction and repair,
evaluating best practices, evaluating performance of trial joints and developing
specifications regarding UHPC and its use in the state of Oklahoma. The following are
objectives for this particular study:
e Determine the best bond angle and surface preparation by flexural testing
e Duplicate small-scale and large-scale testing used in the study of a proprietary
UHPC (Funderburg 2018) and compare the results to a non-proprietary UHPC
developed from local materials
e Assess the feasibility of the non-proprietary alternative over the proprietary
product
e Make recommendations to ODOT as to whether this non-proprietary alternative

should be used in future construction and repair

1.6 Outline of Thesis

This thesis is composed of 5 chapters. Chapter 1 gives an overview of this
research study and the reason why it is being conducted. Chapter 2 summarizes relevant
literature including fiber reinforcement, alternative UHPC mix designs, previous use of
UHPC in bridges, slant shear testing, surface preparation, bond angles, and slab joint
testing. Chapter 3 explains the approach, methodology, and testing procedures followed
to complete the research in this study. It will also detail the type of specimens
fabricated, which includes modulus of rupture beams, slant shear cylinders, and slab

specimens. Chapter 4 analyzes and explains the data from this research study and



compares it to the results of the previous study (Funderburg 2018). Chapter 5

summarizes the findings and recommends future work to be accomplished.



2 Literature Review

2.1 Overview

This chapter contains a review of the literature related to the implementation of
a non-proprietary UHPC alternative mix design in large-scale and small-scale
composite specimens. There are multiple factors to consider when casting UHPC.
UHPC is comprised of an optimized gradation of dry materials, supplementary
cementitious materials, superplasticizers and fiber reinforcement. Because the material
is so different than that of NSC, the placement and use of the material has different
applications. It is apparent through available research studies that UHPC is a durable
material and is successful at extending the life and lowering the maintenance frequency
of a structure when used in connections. The UHPC-NSC bond and UHPC as a repair
material is still being studied and expanded upon. These subjects will be expanded upon

in this chapter.

2.2 Fiber Reinforcement

One of the primary benefits to UHPC is the increased post-cracking tensile
strength. UHPC achieves this high post-cracking tensile strength by incorporating fiber
reinforcement. Because UHPC requires fiber reinforcement to engage its advanced
mechanical properties, certain mixing and casting procedures must be taken into
consideration. Graybeal (2011) says that during casting, the use of internal vibration is
discouraged because of its ability to rearrange fibers. External vibration is sometimes
used when casting NSC to ensure there are no air pockets. Casting procedures can

influence the fiber arrangement. Because it is imperative that the fibers in UHPC are
6



suspended instead of settling (Graybeal 2011), caution must be taken when placing the
concrete into forms. If the fibers are not suspended in the concrete, they will not be
evenly distributed throughout the specimen. If the fibers are not evenly distributed
through the specimen, the full potential of strength may not be utilized. Any changes in
the mix design or incorporation of vibration methods must be carefully considered.

Yoo et al. (2015) performed a study that shows steel fibers, both smooth and
twisted, can significantly increase the load carrying capacity of a UHPC specimen. The
inclusion of fibers at 2% volume increased the load capacity by anywhere from 27% to
54%. The lengthening of said fibers however did not show any noticeable difference in
load carrying capacity. In a study performed by Yu et al. (2016), it was determined
through dynamic compression testing that the damage resistance of UHPC increased
with the addition of fibers and increase in fiber length. Adding fiber reinforcement to
UHPC can definitely produce positive results in compressive and tensile strength as
well as ductility. The benefits of one type of fiber versus another type in UHPC

applications is still unclear.

2.3 Alternative UHPC Mix Designs

As previously discussed, proprietary UHPC products are typically very
expensive and deter state departments of transportation from utilizing it. The
availability of a non-proprietary UHPC alternative that has the same mechanical
properties with a lower cost would be appealing for industry use. A number of mix
designs have been lab tested to determine if an alternative with the basic UHPC

requirements can be developed. A study was completed by Halit et al. (2008) with



reactive powder concrete, which is an ultra-high strength cement product. This research
involved decreasing the amount of cement and silica fume and replacing those with
some combination of ground-granulated blast furnace slag (GGBFS) and fly ash.
Compressive strengths were tested, and proportions of cementitious materials were
adjusted. It was found that proportions of cementitious materials can change while
maintaining advanced mechanical properties (Halit et al., 2008). The Yu et al. (2014)
study analyzed UHPC by means of optimizing particle packing curves. This study
explored workability, air content, porosity, flexural strength and compressive strength.
This study showed that by using an optimized packing model, the binder amount can be
kept relatively low. In addition, the large amount of unhydyrated cement they found
could be mitigated by using some type of filler (Yu et al., 2014).

Because concrete is the most widely used inorganic building material, it can
have harsh effects on the environment. The use of ecofriendly construction materials
have been considered and studied (Randl et al. 2014). In one study, there was use of fly
ash, GGBFS and limestone powder in place of cement for UHPC mix designs (Yu et al.
2015). These various mixes were analyzed and proven successful. This particular study
will use a UHPC alternative developed by Amy McDaniel (2017). McDaniel tested a
series of 158 alternative mix designs. Various supplementary cementitious materials
(SCMs) were used in these mix design combinations. The SCMs considered in this
study included Type I and Type III Portland cement, silica fume, VCAS™ and GGBFS.
After testing a series of mix designs, four final mix candidates were chosen, and the
most promising out of these was selected to do further static, dynamic and bond

strength testing. While all the previous studies were to some extent successful in
8



developing a mix design that could exhibit advanced mechanical properties, field

application of the material is the most important consideration.

2.4 Previous Use in Bridges

Since UHPC has been introduced, the material has been utilized several times
throughout North America, Europe, Asia and Australia. UHPC is most commonly
implemented in prefabricated bridge elements. Prefabricated bridge elements are made
off site and transported to the construction site when needed. This method of
construction has shortened the construction time, and when UHPC is incorporated,
offers increased durability (Graybeal 2013). Prefabricated elements have also been used
in field-cast applications, using UHPC to join the precast members that are set in place
as seen in Figure 1 (Graybeal 2014). This technique has been used by the departments
of transportation in lowa, Montana, Oregon, Pennsylvania and Massachusetts.
Depending on the constructability and field performance, field casting may be a feasible

application for Oklahoma bridges.



Exterior Precast

BN Fanels with Parapet
Interior Precast Panels - <

Figure 1: Bridge deck after panel installation and before UHPC placement (Graybeal
2014)

Mi et al. (2018) detailed some prominent uses of UHPC in bridge applications.
A bridge in Virginia containing 10 spans was analyzed during this study. One of the
spans was constructed using UHPC, and this particular girder span was lighter and
thinner than the others. In addition, the rebar layout for this span of the bridge was
simplified due to the UHPC’s high tensile strength. UHPC has also been implemented
in various shapes including u-shaped and pi-shaped bridge girders. The article also
mentioned that using UHPC joints between precast elements allowed use of a smaller
connection while performing better overall. Because of increasing traffic loads, many
researchers are looking to modify and evolve traditional paving techniques with UHPC.
All structures in the Mi et al. study (2018) demonstrated exceptional durability and low

maintenance costs.
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2.5 Previous Slant Shear Tests

Bond strength is an important aspect of bridge repair because the strength of the
bond of the concrete determines the longevity of the structure. The American Society
for Testing and Materials (ASTM) has specified a way to test the strength of bond but
has not specified how to assess the strength between two different concrete types. Slant
shear specimens are being used to analyze the bond between two concrete types with a
test method developed from variations of ASTM C882-13 (2013) to create a baseline of
bond strength. A study by Carbonell Munoz (2014) analyzed bond performance
between UHPC and normal concrete. Different interface angles were used in these
analyses, but the controlling factor was early age strength. In the Climaco et al. (2001)
studies, failure between two concrete types was due to the bond. From these

experiments, determining the most effective bond type is the key to prolonged strength.

2.6 Surface Preparation and Bond Angles

Because there is so much deterioration in infrastructure in a short amount of
time, state departments of transportation are looking to develop improved repair
techniques (Carbonell Munoz 2012). The success of concrete rehabilitation depends on
the bond. Perhaps the most critical step in rehabilitation is removal of original concrete
and preparation of the surface to prepare for the new concrete. It is important, however,
to remove the deteriorated concrete without inflicting additional damage. Any damage
throughout this process may affect the long term strength of the structure. Throughout
multiple research studies it is agreed upon that the preparation of the surface is one of

the main factors influencing bond. It has been found that increasing the roughness of a
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substrate surface increases the strength of the bond (Julio et al. 2004). The experiments
that Julio et al. (2004) performed incorporated surface preparations of steel brushing,
partially chipped, sand blasting and as cast, three of which are shown in Figures 2, 3

and 4.

Figure 2: Steel Brushed Surface Preparation (Julio et al. 2004)

Figure 3: Partially Chipped Surface Preparation (Julio et al. 2004)
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Figure 4: Sand Blasted Surface Preparation (Julio et al. 2004)

In the Julio et al. (2004) study, slant shear and pull off tests reported sand
blasting as the most effective surface preparation for bond strength while wire brushing
was not as effective in comparison. This supports the idea that a rougher bonding
surface will yield a better bond. During the slant shear testing done by Carbonell Munoz
(2014), all wire brushed surfaces failed due to bond. While all surface preparations
considered in the Julio et al. study satisfied the requirements for ACI 546-06 Guide to
Concrete Repair (ACI, 2006), the potential strength of the UHPC was not utilized due to
premature failure in the interface. Tayeh et al. (2013) came to the same conclusion as
the previous studies through split cylinder testing. Smooth surfaces are typically

weaker, and do not reflect real world situations accurately (Climaco et al. 2001).

2.7 UHPC Slab Joint Testing

Testing not only small-scale specimens but large-scale specimens will develop
data that can be applied towards field applications. FHWA tested bridge deck
components with both transverse and longitudinal joints. These test specimens were

fabricated to simulate the connection between precast concrete and UHPC (Graybeal

13



2010). Testing modes on one slab specimen included cyclic testing of at least 2 million
cycles loaded below the cracking strength, then at least 5 million cycles above the
cracking strength. If the specimen had not already failed, it was statically loaded to
failure. The test setup is shown in Figure 5 and the layout for transverse and

longitudinal configurations is shown in Figure 6.
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Figure 5: UHPC longitudinal connection cyclic test setup
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Figure 6: Instrumentation and layout for transverse (left) and longitudinal (right)
configurations

The conclusions drawn from this study determined that a UHPC joint
connection bonds well to precast concrete which suggests little to no leaks in transverse
connections. It is imperative that bridge decks act as monolithic elements due to the

possibility of failure otherwise, possibly at the interface. The results in this study
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suggest that either transverse or longitudinal orientation would suffice for use in UHPC

bonding to normal strength precast concrete.

2.8 Funderburg Study (2018)

In 2018, Chandler Funderburg completed a study involving the evaluation of
UHPC as a repair material for bridges in Oklahoma. The purpose of that study was to
determine the feasibility of using UHPC instead of NSC because of its advanced
mechanical properties. Deteriorated bridge joints are a problem throughout Oklahoma
and UHPC could be the solution to long lasting repairs. UHPC requires short steel
embedment lengths and therefore may be used in smaller quantities in bridge joints.
Funderburg used the proprietary Lafarge product, Ductal®, to fabricate specimens that
can evaluate bond strength, flexural capacity and the effects of static and cyclic loading
on joint interfaces. She created slant shear specimens, slab specimens and composite
modulus of rupture specimens (MOR). The composite MOR specimens were made up
of 4 interface configurations (90 degree, 60 degree, 45 degree and shear key) and 3
surface preparations (wire brushed, sand blasted and exposed aggregate). The exposed
aggregate surface preparation and 60 degree interface angle performed the best. A
majority of her MOR specimens failed in the base concrete showing that the specimens
acted monolithically. All 3 slab specimens that were made exceeded the calculated
failure load when statically tested. This could be due to the additional strength provided
through the UHPC joint. All MOR specimens exceeded the flexural strength of the base

concrete and all slab specimens exceeded the estimated capacity.
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2.9 McDaniel Study (2017)

In 2017, Amy McDaniel completed a study involving the development of a
UHPC alternative mix design that could be used as a repair material for bridges in
Oklahoma. Because the Lafarge product Ductal® is approximately 20 times more
expensive than typical concrete, a UHPC alternative is desired for use by the ODOT.
FHWA defined UHPC as having a compressive strength of 21.7 ksi, a post-cracking
tensile strength 0.72 ksi, and high flowability. The goal was for this UHPC alternative
to reach the requirements for being considered UHPC. McDaniel developed 158 mix
designs iterated from a baseline of other non-proprietary mix designs. Using the concept
of particle packing and an optimal combination of supplementary cementitious
materials, 9 iterative series, series A through series J, were developed and produced the
3 strongest mixes in compression before heat curing (Table 1). The compressive
strengths for the top 3 mix designs, J3, J8 and J13, including fibers and heat curing are
shown in Figure 7. The compressive strength results for the final mix design of the
UHPC alternative, J3 (Table 2), achieved the FHWA defined post-cracking tensile
strength, high flowability and came within 8% of the compressive strength. Although
the target compressive strength was not achieved, J3 may still be a practical alternative

to be used in field applications.
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Table 1: Final Mix Candidate Benefits and Detriments (McDaniel 2017)

J3 J8 J13
Mortar Flow (in) 10.25 estimated | 13 estimated 10
. 1-Day 6011 6083 8360
Compression
Strength (psi) | 7-Day 12131 12516 10093
28-Day 14837 14031 14772
Best FA mix, ?;Ztnei:y
Very workable sticky texture &,
. . mortar flow
Benefits: texture and likely to .
likely to
mortar flow suspend
) suspend
fibers well )
fibers
Detriments: Low early Low early
strength strength
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Figure 7: Compressive Strengths for Fiber-Reinforced and Heat Cured. A-J8, B-J3,
C-J13 (McDaniel 2017)

Table 2: UHPC alternative mix design, J3 (McDaniel 2017)

Material Amount per yd?
Masonry Sand 1965 Ib
Typecir:::tland 1180 Ib
GGBFS 590 Ib
Silica Fume 197 Ib
Water 393 Ib

HRWR 15.77 fl oz./cwt

19




3 Approach, Methodology and Testing

This section will outline the approach and methodology for conducting the
research in this project. First, there is discussion of the non-proprietary UHPC mix
design followed by fabrication of a variety of specimen types to evaluate the
performance of this material. These tests include concrete to concrete bond analysis,

slant shear and flexural testing.

3.1 UHPC Alternative Mix Design

Because many UHPC mix deigns are proprietary and expensive, a UHPC mix
design fabricated from local materials was desired for this study. McDaniel (2017)
developed such a mix design, a local alternative UHPC mix named J3 that will be used
for all specimens cast in this study. Some initial modifications to J3 were required due
to the excessive HRWR found on the surface of the concrete after mixing. Because the
HRWR can be adjusted with little effect on the strength of the concrete, 0.1 ft UHPC
test batches were conducted and the amount of HRWR was adjusted each time. The
only other controlling factor was the mortar flow. An optimized value of HRWR will
ensure that the mix is workable and that the fibers are suspended. Table 3 shows the

modified McDaniel J3 mix design that was used.
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Table 3: UHPC alternative mix design, J3 (McDaniel 2017)

Material Amount per yd?
Masonry Sand 1965 Ib
Type 1 Portland Cement 1180 1b
GGBFS 590 Ib
Silica Fume 197 Ib
Water 393 1b

HRWR 15.77 fl oz./cwt

3.2 Casting and Curing of Slab Specimens

3.2.1 Casting
A NSC mix modeled after an ODOT Class AA mix was used for all normal

concrete specimens. The specifications for the Class AA mix are shown in Table 4.

Table 4: ODOT Standard Specifications for Concrete Related Bridge Repair (2009)

Min. .
Concrete | Cement Cor‘:\t:nt Water/Cement | Slump, Min. 28-Day
Class Content, % "| Ratio, Ib/lb in. Strength (f'c), psi
lb/yd3 0
AA 564 6.5+1.5 0.25-0.44 2+1 4000
A 517 6.0+1.5 0.25-0.48 21 3000
HDC 825 6.5+1.0 <0.35 051 4000
VES | 900 1.5 <0.30 1-8 3000
VES Il 600 6.0+1.5 <0.35 1-8 3000

Three slab joint specimen were cast and tested to evaluate the performance of
UHPC connections. Each slab was fabricated from two normal concrete panels with
dimensions of 4 feet wide, 4 feet long, and 8 inches deep and a UHPC joint with
dimensions of 1 foot wide, 4 feet long, and 8 inches deep. All reinforcing for the slabs is

#5 rebar size. The reinforcing layout for the slabs is shown in Figure 8. The NSC slabs
21



were designed to have 5 inches of reinforcing steel protruding from one end. This step
was done to mimic field work where if a joint is sawn out, reinforcing steel may be

exposed. The concrete for the slabs was provided by the Dolese Bros Co.

1“

I
=

4@ 12" o.c.

#5 rebar ~——4 @ 12" 0.c. —=

c 2 N
g o

Figure 8: Plan and cross-sectional view of reinforcing bar layout for slab specimens
(Funderburg 2017)

Once the concrete was poured into the forms, a broom finish was applied to the
top surface of each slab panel. A broom finish is done in the field to promote water

drainage perpendicular to traffic flow. Once the concrete was firm to the touch, the
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slabs were covered with wet burlap and plastic tarp to retain moisture. Figures 9, 10 and

11 show the panels just prior to casting, after casting, and during curing, respectively.

Figure 10: Panel immediately after casting
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Figure 11: Panels curing under wet burlap

3.2.2 Heat Curing

Before the UHPC joint was cast, the normal concrete panels were positioned,
and splice bars were tied to the rebar protruding from the panels (Figures 12 and 13).
The width of the UHPC joint joining the two normal concrete panels measured 12
inches. The joint form is shown in Figure 13, and the joint after curing is shown in
Figure 14. The UHPC joints were heat cured for 36 hours using heat lamps.
Thermocouples were used to monitor the temperature throughout the joint. The 36 hour
period was determined as the most effective heat curing time from the McDaniel study
(2017). Heat lamps were used to maintain a constant internal temperature of
approximately 180°F. After 36 hours, the heat lamps were removed and the joints cured

in normal conditions until 28 days.
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Figure 12: Positioned NSC panels

Figure 13: UHPC joint form
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Figure 14: UHPC joint after curing

3.3 Slab Testing

The slabs were tested in a steel portal frame supported by 6 inches wide concrete
beams and rubber pads at each end. Each specimen was loaded using a hydraulic ram
and pump. From support to support, the specimens were 8 feet 6 inches in length and
were loaded at 5 feet 2 inches from the west edge of the slab. Deflection measurements
were taken by 7 linear variable differential transformers (LVDTSs) that were placed
underneath the slab in various locations (Figure 15). LVDT 1 was located within the
hydraulic actuator at the load point. LVDTs 2 and 3 were placed 2 inches away from the
slab edges and 5 inches away from the joint face. LVDT 5 was located 5 inches from
the joint interface and 48 inches from the slab edge. LVDTs 4, 6 and 7 were placed 2
inches away from the slab edges. Two different types of strain gauges were used to
measure concrete strain. Four external strain gauges were used on the edges of the slab.
External strain gauges 2 and 4 were placed in the center of each end of the UHPC joint.

External strain gauges 1 and 3 were placed on either side of strain gauge 2, 1 inch from
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the edge of the joint. All of the external strain gauges were placed approximately 0.5
inches from the bottom of the slab. There were also 4 internal strain gauges placed on
the rebar within the UHPC joint, as shown in Figures 16 and 17. Internal strain gauge 1
was placed on the bottom splice bar on the south outer edge of the joint. Internal strain
gauge 2 was placed on the bottom bar protruding from the east panel on the south outer
edge of the joint. Internal strain gauge 3 was placed on the bottom splice bar on the
south interior. Internal strain gauge 4 was placed on the bottom bar protruding from the
east panel on the south interior. The load was measured using a load cell, and the load
was applied through a 10 inch by 20 inch metal plate on top of a rubber pad. All sensors

were connected to a data acquisition system that collected data at 10 hertz.
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Figure 15: Instrumentation and layout for slab testing (Funderburg 2018)
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Figure 16: Cross-sectional view of UHPC joint with internal strain gauges
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Figure 17: 3D view of UHPC joint
3.3.1 Slabs1and?2

Slabs 1 and 2 were initially tested using an electronically controlled servo valve
MTS hydraulic ram. The MTS can produce a static load up to 22 kips. Both slabs were
loaded in 1 Kip increments up to the capacity of the machine. Once the capacity was
reached, the slab was unloaded and the electronic system was switched out with a
manually controlled load pump and a load cell with a higher capacity of 50 kips. Before
the test resumed, all 7 of the LVDTs were removed from underneath the slab and
LVDTs 2, 3 and 5 were replaced with wire potentiometers (wire pots). The wire pots
have a longer stroke and would prevent the LVDTs from being damaged in the case that
the slab deflected past the capacity of the LVDTs. Using the manual system, the slabs

were loaded again in 1 kip increments until failure.
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332 Slab3

Slab 3 was tested dynamically using the same electronically controlled system
as the static tests. The 3" slab was loaded cyclically using a haversine waveform with a
frequency of 1 hertz. All 7 LVDTs were placed in their original positions during this
test. For the first 3 million cycles, the slab was going to be loaded to 90% of the
calculated cracking moment. The calculated load for 90% of the cracking moment was
11 Kkips, but after physically analyzing the cracks of the statically loaded slabs, it was
decided that slab 3 would be loaded to a maximum of 9 kips for the first 3 million
cycles. After the first 3 million cycles, the maximum load was to be increased to 5%
above the calculated cracking moment and the haversine loading would continue for 2
million more cycles or until failure. If 5 million cycles were reached, the slab would be

statically tested to failure. The test setup for the slabs is shown in Figure 18.

Figure 18: Test setup for slabs
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3.4 Casting and Curing of Composite MOR Specimens

Thirty-six composite MOR specimens were fabricated to analyze the effects of
surface preparations and interface angles on flexural strength. The MOR specimens
were fabricated with equivalent amounts of NSC and UHPC. A combination of 3

surface preparations and 4 interface angles were implemented.

3.4.1 Casting and Curing of NSC

The NSC mix design used for the composite MOR specimens was developed in
the Funderburg (2018) study and is comparable to an ODOT Class AA concrete mix.
The composite MOR specimens were cast with dimensions of 6 inches wide, 6 inches
deep and 20 inches in length in accordance with ASTM C78 (2016). Each MOR
specimen was composed of half normal concrete and half UHPC. The NSC was cast
first and after 28 days of curing, the MOR specimens were cut and the surface
preparations were applied. The specimens were then placed back into forms to pour the
UHPC half. The specimens were cast in one of three surface preparations: wire brushed,
sand blasted or exposed aggregate and one of four interface angles: 45 degrees, 60
degrees, 90 degrees or a shear key. Twelve full sized MOR specimens and 12 half-sized
MOR specimens were cast using the mix design shown in Table 5. The 12 exposed
aggregate MOR specimens were cast as half specimens due to the nature of the surface
preparation. Table 6 shows the configurations of the composite MOR specimens NSC
mix design. In addition to the MOR specimens, 4 inch by 8 inch compressive strength

cylinders were cast to determine compressive strength over time. Figure 19 shows the
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composite specimens after casting the NSC. All specimens were cured while covered in

wet burlap and plastic tarp.

Table 5: NSC mix design

Material Amount Per yds
Type 1 Portland Cement 588 Ib
Rock 1841 1b
Sand 1290 Ib
Water 224 |b
HRWR 3.5 fl oz./cwt
AEA 0.70 fl 0z./cwt

Table 6: Composite MOR specimen configurations

Total Resulting

Configuration Surface Preparation Casting Type Composite

Specimens
90 degrees Sand-Blasted 2 Full specimens 4
90 degrees Wire-Brushed 2 Full specimens 4
90 degrees Exposed Aggregate 3 half specimens 3
60 degrees Sand-Blasted 2 Full specimens 4
60 degrees Wire-Brushed 2 Full specimens 4
60 degrees Exposed Aggregate 3 half specimens 3
45 degrees Sand-Blasted 2 Full specimens 4
45 degrees Wire-Brushed 2 Full specimens 4
45 degrees Exposed Aggregate 3 half specimens 3
Shear Key Exposed Aggregate 3 half specimens 3
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Figure 19: Composite MOR specimens after casting of NSC

3.4.2 Surface Preparation

Cutting Full Length Specimens

Saw cutting and surface preparation of specimens took place after curing for 28
days. All 12 full length specimens required cutting at a certain angle to make one half of
a composite specimen. Using a wet saw, the specimens were cut at 45, 60 or 90 degree
angles. When using the wet saw to cut specimens, one side is cut halfway through then
the specimen is flipped 180 degrees and cut all the way through the specimen. Because
of the nature of cutting with this saw, concrete ridges were present on some of the
specimens. A small concrete grinder was used on select specimens to grind down ridges
and create a visibly smooth surface before wire brushing and sand blasting surface

preparations began.
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Creating Exposed Aggregate Surface Preparation

All 12 exposed aggregate specimens were cast as half specimens using wooden
inserts. Four interface configurations were required: 45 degree, 60 degree, 90 degree
and shear key. Immediately before casting, the UHPC side of the MOR specimens had
the faces of the wooden inserts coated with sugar using a spray adhesive. Sugar retards
the curing of concrete so that a portion of unhardened cement could be removed to
create the exposed aggregate surface preparation. After curing, the excess material was

removed using a power washer. The inserts are shown in Figures 20 and 21.
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Figure 20: Shear Key Insert

Figure 21: 45 degree exposed aggregate insert in MOR specimen form

Sand Blasting
The 12 specimens that had a sand blasted surface were put in a sand blasting
cabinet and continuously blasted until an even surface was observed. The sand blasting

cabinet used a fine sand as the blasting agent.
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Wire Brushing
The 12 specimens that had a wire brushed surface were brushed evenly until the
surface was visibly smooth. This surface preparation is smoother in comparison to the

other two. The three types of surface preparation are shown in Figure 22.

Figure 22: Wire brushed, exposed aggregate and sand blasted surface preparations
(left to right)

3.4.3 Casting and Curing of UHPC Alternative

After the NSC side of the MOR specimen were cut and the surfaces were
prepared, the UHPC side of the composite specimens was cast, including 3 inch by 6
inch compressive strength cylinders. The 1 inch stainless steel fibers used in this mix
are shown in Figure 23, the mix procedure was as follows:

1. Blend all dry constituents until fully combined (5-10 minutes)

2. Add water and half of HRWR over 2 minutes

3. Mix for 2 minutes

4. Add last half of HRWR over 1 minute
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5. Mix for 5 minutes
6. Add fibers and continue to mix until fibers are dispersed in mixture

The J3 UHPC alternative after mixing and before casting is shown in Figure 24.

Al

Figure 24: J3 UHPC alternative after mixing

The J3 mix was very thick and somewhat difficult to work with when casting the
specimens. Once the UHPC was cast into the forms, the specimens were covered in wet
burlap and plastic tarp and cured for 28 days. Figure 25 shows the composite MOR

specimens after casting.
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Figure 25: Composite specimens after casting

3.5 Full sized MOR Specimens

Six full size MOR specimens were cast in this study to create a baseline
comparison for flexural strength of the composite MOR specimens. Three NSC MOR
specimens and 3 UHPC MOR specimens were cast and tested. The NSC MOR
specimens had a width of 6 inches, a depth of 6 inches and a length of 20 inches. The
UHPC MOR specimens had a width of 3 inches, a depth of 3 inches and a length of 12

inches. The specimens were tested according to ASTM C78 (2016).

3.6 Testing of Composite MOR Specimens

Once the UHPC side of the MOR specimens cured for 28 days, they were tested.
All of the composite MOR specimens were tested in the configuration shown in Figure
26 with the normal strength concrete on the bottom. The MOR specimens were tested as
third point loading in accordance with ASTM C78 (2016). The specimens were loaded

continuously and without shock on a digital Forney machine. Flexural testing was
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performed, and at failure the composite MOR specimen was removed from the Forney
and the length and depth of the failure interface was measured with dial calipers. If the
specimen failed along the interface, measurements for both side were taken. In the case

that there are two sets of measurements, the lowest flexural stress was recorded.

Load Points
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. A . . . . .
. 4 .
A < a . :
A . : =
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Reaction Reaction

Figure 26: Relation of interface angle to loading points (Funderburg 2018)

During the demolding of the composite MOR specimens, 6 of the specimens
separated at the interface before they could be tested, as shown in Figure 27. It can be
seen that the UHPC had little to no bond to the NSC, which most likely caused it to

separate. Four other specimens fell apart in the process of testing before any data could

be collected.
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Figure 27: Composite MOR that failed during demolding

3.7 Slant Shear Specimens

Four composite slant shear specimens were cast using half NSC and half UHPC.
These were cast at the same time as the other composite specimens. The slant shear
specimens were 6 inch by 12 inch cylinders. No surface preparation was used on these
specimens as they were intended to be used as a quality control option in the application
of UHPC joints. The slant shear specimens were cured in the same conditions as the

composite MOR specimens and one of the specimens is shown in Figure 28.
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Figure 28: Composite slant shear specimen

3.8 Slant Shear Testing

The slant shear tests were performed in accordance with ASTM C882 (2013).
The specimens were tested in a Forney machine and were loaded at a rate of 35
psi/second until failure. Bond strength values were determined by dividing the
maximum load by the area of the bonded surface. Figure 29 shows a slant shear

specimen after testing.
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Figure 29: Slant shear specimen post failure

3.9 Revised Mix Design and Recasting of Composite MOR Specimens

3.9.1 Revised Mix Design

Because of the undesirable results of the original composite MOR specimens, all
36 specimens were recast with a modified version of J3 with new fibers. Instead of
using the original stainless steel fibers, Dramix® steel wire fibers were used in this mix.
The revision of the mix design involved increasing the amount of high range water
reducer until a mortar flow of 10 inches was reached and the new fibers could still be
suspended. Test batches of 0.075 ft2 were used. In addition to the increase of HRWR, a

retarder was added to help increase the flow of the mix during placement. These two
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additives created a more flowable mix, which increased the workability of the UHPC
during placement. The final UHPC mix design for the composite MOR specimens is

shown in Table 7.

Table 7: Modified J3 UHPC mix

Material Amount Per yd3
Masonry Sand 1965 Ib
Type 1 Portland Cement 1180 1b
GGBFS 590 Ib
Silica Fume 197 |b
Water 393 1b

HRWR 17.35 fl oz./cwt

Master Delvo Retarder 3 fl oz./cwt

3.9.2 Recasting of Composite MOR Specimens
The composite MOR specimens were re-cast with the modified mix design and
Dramix® steel wire fibers (Figure 30). The modified mix was much more workable and

fluid than the original mix, which can be seen in Figure 31.
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Figure 31: Modified J3 UHPC after mixing
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4  Test Results, Analysis and Comparison to Previous Study

This chapter will outline the test results and analysis of the results for all
specimens in this study. First, compressive strengths for each concrete mix will be
discussed followed by data for the composite MOR specimens, the slab specimens and
the slant shear specimens. All data will be compared to the previous study using

Ductal® (Funderburg 2018) instead of the UHPC alternative, J3.

4.1 Compressive Strength Results

4.1.1 Composite MOR NSC

The NSC mix design used for the first set of MOR specimens was equivalent to
mix design 4 in the Funderburg (2018) study. This mix design was developed with in
lab materials to closely match the properties of an ODOT Class AA mix. The NSC mix
used for the second set of MOR specimens was batched and delivered by Dolese Bros.
Co. and was also a Class AA mix. Both mix designs reached the target value of 4000

psi by 28 days (Table 8).

Table 8: Compressive strengths for MOR NSC

Age Set 1 (psi) Set 2 (psi)
1-day 3050 3300
7 - day 5020 5580
28 - day 5750 4530

4.1.2 Composite MOR UHPC
All UHPC MOR specimens were made at the same time from the same mix. The

UHPC alternative, J3, exceeded NSC 28 day strengths and also exceeded the target
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strength of 14.8 ksi at 28 days (Table 9). The value 14.8 ksi is based off of the

McDaniel (2017) study where the UHPC alternative J3 was developed.

Table 9: Compressive strengths for MOR UHPC

Age Set 1 (psi) Set 2 (psi)
3 - day 11,370 13,700
7 - day 14,600 14,790
28 - day 16,180 18,750

4.1.3 Full Size MOR Specimens

The full size MOR specimens used the same NSC mix design and UHPC mix
design as the first set of MOR specimens (Tables 8 and 9). The compressive strengths
of the full size MOR specimens reflect this very well because the 28 day strengths of
the NSC and UHPC are very similar to that of the composite MOR strengths (Table 10).

The NSC compressive strength reached the target value of 4000 psi at 28 days.

Table 10: Compressive strengths for full sized MOR specimens

Age NSC (psi) UHPC (psi)
3 -day 3830 11,370
7 - day 4250 15,810
28 - day 5670 16,030

4.1.4 Slab NSC

All slab specimens were poured at the same time using the same mix. Dolese
Bros Co. batched and delivered this Class AA mix. The compressive strength reached
the target value of 4000 psi at 28 days (Table 11). These compressive strengths are

comparable to the compressive strengths for the MOR specimens.
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Table 11: Compressive strength for slab NSC

Specimen

1 - day (psi)

7 - day (psi)

28 - day (psi)

All Slabs

1950

5420

6000

4.1.5 Slab UHPC Alternative

All UHPC joints were poured at the same time using the same mix. The UHPC
alternative, J3, was cast in the joints. The compressive strength results for the UHPC
joints were slightly higher than that of the MOR specimens at 3 and 7 days possibly due
to the 36 hours of heat curing (Table 12). After 36 hours of heat curing, the joints cured
in ambient temperatures for the remainder of the 28 days. The 28 day strength reached

the target value of 14.8 Kasi.

Table 12: Compressive strength for slab UHPC

Specimen 12 - hour 36 - hour 3 - day 7 - day 28 - day
(psi) (psi) (psi) (psi) (psi)
All Joints 10,880 16,820 17,070 17,160 16,180

4.2 Composite MOR and Full Size MOR Test Results

The composite MOR specimens were tested once the UHPC had cured for 28
days. The maximum tensile stress at failure was determined from an equation in ASTM
C78 (2016). The first set of composite MOR specimen results will be compared to the
full size NSC MOR specimens. The modified composite MOR specimen results will be
compared to the calculated flexural tension strength value from ACI 318 since
corresponding full size MOR specimens were not fabricated for the modified composite

specimens.
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4.2.1 Composite MOR Specimens

Tables 13-16 show the test results for the first set of composite MOR specimens.
The data is organized in relation to interface angle and surface preparation. The
designation WB corresponds to wire brushed, SB corresponds to sand blasted, EA
corresponds to exposed aggregate and SK corresponds to shear key. As stated in the
previous chapter, 10 of the 36 specimens separated during demolding. The other 26
specimens failed at the interface when tested (Figure 32). This failure type implies that
the UHPC did not properly bond to the NSC. For this test, failure in the base concrete is

desired in order to exhibit monolithic behavior between the UHPC and NSC.

Figure 32: Interface failure (9-EA-90)
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Table 13: 90-Degree composite MOR specimen results

90 Degree . Peak Load Flexural | - Average S.t d'.
Specimens Failure Type (Ib) Stre.ss FIexuraI. Dewatclon
(psi) | Stress (psi) (psi)
1-WB-90 Interface 0 0
2-WB-90 Interface 0 0 0 0
3-WB-90 Interface 0 0
4-WB-90 Interface 0 0
5-SB-90 Interface 3925 305
6-SB-90 Interface 2635 210 505 63
7-SB-90 Interface 2385 190
8-SB-90 Interface 1445 115
9-EA-90 Interface 920 70
10-EA-90 Interface 1100 85 72 10
11-EA-90 Interface 800 60
Table 14: 60-Degree composite MOR specimen results
60 Degree . Peak Load Flexural | Average S.td..
Specimens Failure Type (Ib) Stre.ss FIexuraI. Dewatclon
(psi) | Stress (psi) (psi)
1-WB-60 Interface 0 0
2-WB-60 Interface 0 0 0 0
3-WB-60 Interface 0 0
4-WB-60 Interface 0 0
5-SB-60 Interface 4055 315
6-SB-60 Interface 435 35 159 142
7-SB-60 Interface 3810 285
8-SB-60 Interface 0 0
9-EA-60 Interface 2250 180
10-EA-60 Interface 1560 125 158 24
11-EA-60 Interface 2175 170
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Table 15: 45-Degree composite MOR specimen results

45 Degree . Peak Load Flexural | - Average S't d'.
Specimens Failure Type (Ib) Stre‘ss FIexuraI. Dewajclon
(psi) | Stress (psi) (psi)
1-WB-45 Interface 0 0
2-WB-45 Interface 520 40 46 31
3-WB-45 Interface 1085 85
4-WB-45 Interface 795 60
5-SB-45 Interface 1030 80
6-SB-45 Interface 3760 290 265 118
7-SB-45 Interface 5215 410
8-SB-45 Interface 3600 280
9-EA-45 Interface 1920 150
10-EA-45 Interface 610 15 87 55
11-EA-45 Interface 1165 95

Table 16: Shear Key composite MOR specimen results

Shear Key . Peak Load Flexural | - Average S.t d'.
Specimens Failure Type (Ib) Stre.ss FIexuraI. Dewajclon
(psi) | Stress (psi) (psi)
1-EA-SK Interface 4265 345
2-EA-SK Interface 6600 525 418 77
3-EA-SK Interface 5135 385

Figure 33 compares the average maximum flexural stress for each type of
interface angle and surface preparation. Nine of the 10 specimens that separated before
testing were wire brushed specimens. The exposed aggregate surface preparation
performed the best in the shear key configuration. The sand blasted surface preparation
performed the best in the 45 degree configuration. There is no data for the 90 degree
and 60 degree wire brushed specimens. After calculating the average flexural stress of
all tested specimens in a particular surface preparation, the results for wire brushed,
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sand blasted and exposed aggregate were 15 psi, 210 psi, and 184 psi respectively. This
implies that the sand blasted specimens performed the best overall.

It is unclear which interface angle performed the best. The shear key
configuration reached the highest flexural stress at 418 psi. After taking the average
flexural stress of all specimens in a particular interface angle, the results for 90 degrees,
60 degrees and 45 degrees were 92 psi, 105 psi and 132 psi, respectively. This implies
that the 45 degree surface configuration performed the best. Unfortunately none of the
composite MOR specimens reached the target flexural stress of 605 psi, based off of the
full sized NSC MOR specimen flexural strength, which further confirms the UHPC

bonded poorly to the NSC.
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Figure 33: Average maximum flexural stress vs interface configuration
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4.2.2 Modified Composite MOR Specimens

Tables 17-20 show the test results for the second set of composite MOR
specimens. The data is organized in the same matter as the first set. Nine of the 36
MOR specimens failed in the base concrete while the others failed at the interface.
Figure 34 shows two types of base concrete failures. The base concrete failure indicates
that the NSC and UHPC acted monolithically and the bond is stronger than that of the

first set of composite MOR specimens.

Figure 34: Base concrete failures (7-SB-90/3-WB-45)
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Table 17: 90-Degree modified composite MOR specimen results

90 Degree Failure | Peak Load Flexural Average S.t d'.
Specimens Type (Ib) Stre‘ss FIexuraI' DewaFlon
(psi) Stress (psi) (psi)
1-WB-90 | Interface 5320 410
2-WB-90 | Interface 2075 155 279 94
3-WB-90 | Interface 4165 310
4-WB-90 Interface 3220 240
5-SB-90 Interface 2995 220
6-SB-90 Interface 2490 195 395 119
7-SB-90 NSC 6025 460
8-SB-90 NSC 5390 425
9-EA-90 Interface 1850 140
10-EA-90 | Interface 1450 110 122 13
11-EA-90 | Interface 1580 115

Table 18: 60-Degree modified composite MOR specimen results

60 Degree Failure | Peak Load Flexural Average S.t d'.
Specimens Tvoe (Ib) Stress Flexural Deviation
P P (psi) Stress (psi) (psi)
1-WB-60 Interface 7295 555
2-WB-60 Interface 1580 120
537 16
3-WB-60 NSC 7030 515
4-\WB-60 Interface 7300 540
5-SB-60 Interface 5245 400
6-SB-60
NSC 6645 485 489 56
7-SB-60 Interface 6790 520
8-SB-60 Interface 7395 550
9-EA-60 Interface 2285 175
10-EA-60 Interface 2800 215 192 17
11-EA-60 Interface 2385 185
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Table 19: 45-Degree modified composite MOR specimen results

45 Degree Failure | Peak Load Flexural Average S.t d'.
Specimens Type (Ib) Stre.ss FIexuraI. Dewaflon
(psi) Stress (psi) (psi)
1-WB-45 NSC 6450 510
2-WB-45 | Interface 6025 450 494 87
3-WB-45 NSC 7885 625
4-WB-45 NSC 4965 390
5-SB-45 Interface 6470 505
6-SB-45 Interface 7640 595 597 40
7-SB-45 NSC 6535 515
8-SB-45 NSC 6285 495
9-EA-45 Interface 4300 340
10-EA-45 Interface 2835 220 292 52
11-EA-45 Interface 3965 315

Table 20: Shear Key modified composite MOR specimen results

Shear Key Failure | Peak Load Flexural Average S.td'.
Specimens Type (Ib) Stre.ss FIexuraI. DewaFlon
(psi) Stress (psi) (psi)
1-EA-SK Interface 2145 160
2-EA-SK Interface 2610 200 193 25
3-EA-SK Interface 2845 220

Figure 35 compares the average maximum flexural stress for each type of
interface angle and surface preparation. Five of the 9 specimens that failed in the base
concrete were sand blasted and the other 4 were wire brushed. After taking the average
flexural stress of all specimens in a particular surface preparation, the results for wire
brushed, sand blasted, and exposed aggregate were 436 psi, 447 psi, and 200 psi
respectively. This implies that the sand blasted specimens performed the best overall,

which is consistent with the first set of MOR specimens, but the wire brushed
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specimens were close behind falling within 2.5% of the sand blasted specimens. The
wire brushed configuration reached the highest flexural stress of 537 psi.

After taking the average flexural stress of all specimens in a particular interface
angle, the results for 90 degrees, 60 degrees and 45 degrees were 242 psi, 406 psi and
438 psi, respectively. This implies that the 45 degree surface preparation again
performed the best. Ten of the composite MOR specimens reached the target flexural
stress of 504 psi which is based on the calculated value of a full size NSC MOR
specimen. These results are significantly better than the first set, but a majority of the
specimens still failed at the interface meaning that they may not have reached the full
potential of strength. Because the composite MOR specimens may not have reached the
full potential of strength, they cannot be adequately compared to specimens made with

Ductal® instead of J3.
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Figure 35: Average Maximum flexural stress vs. interface configuration including
all values

The values for the exposed aggregate surface preparation were lower than
expected. Figure 36 shows an exposed aggregate specimen after failure. A thin layer of
uncured UHPC broke off on the NSC side of the composite specimen. Dragging a
fingernail over the seemingly uncured concrete made an indention which confirmed that
the thin layer was uncured and powdery. This happened to other exposed aggregate
specimens as well. Because of the low water to cement ratio of UHPC, it has limited
water to hydrate. The NSC may have absorbed the water necessary for curing the
UHPC at the interface, which would weaken the bond between UHPC and NSC. The
absorption potential of the exposed aggregate surface preparation is higher than the
other surface preparations because it exposes more voids in the NSC. This could explain

the lower than expected performance of the exposed aggregate specimens.
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Figure 36: Interface failure on exposed aggregate, shear key specimen (2-EA-SK)

4.2.3 Full size MOR Specimens

Full size MOR specimens were fabricated in order to create a target range of
flexural stress values for the composite specimens (Tables 21 and 22). The NSC MOR
specimens determined the target value for the composite MOR specimens, and the
UHPC MOR specimens determined a “maximum” value the composite MOR
specimens could reach. For the UHPC specimens, the average flexural strength value
and the standard deviation value are taken from only the second and third specimens

due to the first being an outlier.
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While all the composite MOR specimens stayed under the maximum value,
between the two sets of composite MOR specimens, only one specimen reached the
target flexural strength of 605 psi. This can be credited to the poor bond between NSC
and UHPC. The angled composite MOR specimens that failed in the NSC failed similar
to Figure 37 which began failing in the NSC and eventually failed due the UHPC
disconnecting from the NSC. This suggests that these MOR specimens could have

reached a higher flexural strength had it not been for bond issues.

Figure 37: Composite MOR base concrete failure (8-SB-45)
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Table 21: NSC full size MOR specimen results

. Peak Load Flexural Stress Average S.t d'.
Specimen (Ib) (psi) FIexuraI. Dewatuon
Stress (psi) (psi)
1 8175 665
2 7500 585 605 43
3 7010 565

Table 22: UHPC full size MOR specimen results

. Peak Load Flexural Stress Average S.t d'.
Specimen (Ib) (psi) FIexuraI. Dewajclon
Stress (psi) (psi)
1 12055 4415
2 7820 2795 2600 195
3 6740 2405

4.3 Slab Test Results

Figures 38-46 show the results from testing slab 1, parts 1 and 2. Figures 47-57
show the results from testing slab 2, parts 1 and 2. The MTS system was used on the
first part of slabs 1 and 2. Part 1 slab testing exhibits early cracking behavior. A manual
hydraulic cylinder was used for part 2 testing. Part 2 slab testing exhibits behavior up to
and including failure. Figures 58-64 show the results from slab 3 testing. The MTS

system and manual pump were used to test slab 3.

4.3.1 Slab 1 Static Test Results

The maximum load reached by slab 1 during part 1 was 21.3 Kips. To prevent
exceeding the capacity of the MTS system, the specimen was unloaded and switched to
a manual hydraulic cylinder. The first cracks appeared in the NSC at 14 kips of load.

The load vs. deflection curve for this portion of testing is shown in Figure 38. After
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further graphical evaluation, cracking was apparent before 14 kips and occurred closer
to 10.5 kips. The point on the curve where there is an increase in deflection but no
increase in load was the suspected cracking load point. After reaching 10.5 kips, the
slope of the curve only decreases slightly. Once the visual cracking load of 14 kips was
reached, there was a more significant reduction in slope which indicates reduced
stiffness. The load corresponding to the cracking moment of a monolithic NSC slab was
calculated as 12.2 kips for comparison. The graphically determined cracking load of this
slab specimen is less than that of an ideal monolithic slab. This may be due to
differences in tensile strength between the NSC and UHPC. When the specimen was

unloaded it returned to a deflection value of 0.1 inches.
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Figure 38: Load vs. Deflection curve for slab 1, part 1

Figure 39 shows the load vs. strain plot for internal strain gages 1, 3 and 4.

Strain gauge 2 is not shown because of the inconsistent nature of the data. The data is
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consistent with the load vs. deflection curve. All 3 strain gages seem to have an increase
in strain at 14 Kips (the visual cracking load of the NSC) before returning to a shallower
slope throughout the rest of the curve. Strain gauge 1 and strain gauge 4 exceeded the
2000 microstrain yield point which means the 4 inch lap length is sufficient to yield the
bars. The noticeably higher strains in strain gage 4 may have been due to a lack of
consolidation of the UHPC around the reinforcing bar at that location or cracking

nearby.
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Figure 39: Load vs. Strain curve for slab 1, part 1, internal strain gauges

Figure 40 shows the load vs. strain plot for external strain gages 1 and 3. Strain
gauges 2 and 4 are not shown because of the inconsistent nature of the data. Strain
gauge 2 seems to have disconnected before or during testing and had little to no reading.

Strain gauge 4 had an excessive amount of noise in the data and was not useful. Strain
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gauge 1 also has a lot of noise but a reasonable trend can still be found. The curves for
the two strain gages shown are consistent with the load deflection curve such that strain
increases with the load until the slab cracks and releases tension in the strain gages. The
maximum strain value reached (not including the noise) was approximately 24
microstrain. The curve for strain gage 1 seems to have a change in slope during the

initial loading but the data is difficult to interpret.
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Figure 40: Load vs. Strain curve for slab 1, part 1, external strain gauges

Figure 41 shows the load vs. deflection curve plot for part 2 of testing slab 1.
Because a manual pump was used for this portion of the test, the load application was
more variable than the digital MTS system. As 1 kip load increments were applied, the

slab was examined for cracks and within that timeframe, the load dropped slightly,
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which explains the trend of the curve. Failure was determined as the slab specimen not
sustaining any additional load and yielding of the reinforcing steel. Crushing was also
observed across the top of the specimen in the NSC at failure. The ultimate load reached
for slab 1 was 34.3 Kkips. Plateauing of the load vs. deflection plot is indicative of
yielding in the reinforcing steel within the joint. The calculated failure load
corresponding to the maximum flexural capacity of a monolithic NSC slab was 23.7
kips. The actual failure load exceeded the calculated value by 45%. The residual
deflection at the end of part 1 of testing was 0.1 inches. After failure, the specimen was
unloaded and returned to a value of 1.2 inches, which indicates plastic deformation. The
maximum deflection during this test was 1.75 inches. Figure 42 shows the load vs.
deflection curve of slab 1, parts 1 and 2, together. The unloading of part 2 is not shown
here. The slope of part 2 is shallower than that of part 1. This is reasonable because the

slab has already cracked once part 2 of the test had begun.
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Figure 41: Load vs. Deflection curve for slab 1, part 2
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Figure 42: Load vs. Deflection curves for slab 1, parts 1 and 2
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Figures 43 and 44 show cracks on the slab after failure. At failure, there were no
cracks in the UHPC joint, only in the NSC. Significant cracking occurred underneath
the load point. Additional cracks formed in the NSC starting at the NSC and UHPC
interface. The visible separation between the NSC and UHPC interface further indicates
a bond issue. All cracks moved closer to the load point as the specimen approached

failure, which was expected.
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=

Figure 43: Cracks formed under load point for slab 1
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Figure 44: Cracking underneath load point for slab 1

Figure 45 shows the Funderburg (2018) study with Ductal® and the current
study load vs. deflection curves of slab 1, part 1 together. Funderburg had a graphically
determined cracking load of 10.9 kips and a visual cracking load of 14 kips, very
similar to the values found in this study. The deflection returned to a lower value of
0.07 inches and the curve had a steeper slope throughout part 1 of this slab test.

Figure 46 shows the Funderburg (2018) study with Ductal® and the current
study load vs. deflection curves of slab 1, part 2 together. Funderburg reached an
ultimate load of 36.2 kips and the total deflection returned to a slightly higher value of
2.02 inches. There is only a 5% difference in the ultimate load capacity for slab 1 in

these 2 studies.
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Figure 45: Load vs. Deflection curves for slab 1, part 1 compared to Ductal®

67




40000
35000 é
30000 é
25000 é

20000

Load (Ib)

15000
10000

5000 1

0 0.5 1 15 2
Deflection (in.)

——J3 UHPC Alternative ——Ductal

Figure 46: Load vs. Deflection curves for slab 1, part 2 compared to Ductal®

4.3.2 Slab 2 Static Test Results

The maximum load reached by slab 2 during part 1 was 21.3 Kips. The intention
was for slab 2 to be tested identically to slab 1. Slab 2 was mistakenly loaded constantly
up to 21 kips instead of being loaded in 1 Kip increments up to 21.3 Kips. This caused
early deformation of the slab specimen. The test was restarted, then loaded at 1 Kip
increments to 21.3 kips. The first visual cracks were seen at 9 Kips. The graphically
determined cracking load from Figure 47 was actually closer to 8.2 kips. This may not
accurately represent the actual cracking load due to the initial, inaccurate loading of the
slab. The point on the curve where there is an increase in deflection but no increase in

load occurred much earlier in this slab test than in the first slab test. After reaching 8.2
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Kips, the slope of the curve stays about the same. The load corresponding to the
cracking moment of a monolithic NSC slab was calculated as 12.2 kips. The graphically
determined cracking load of this slab specimen is less than that of an ideal monolithic
slab. This may be due to differences in tensile strength between the NSC and UHPC as
well as the loading inconsistencies. When the specimen was unloaded it returned to a
deflection value of 0.04 inches.

The load vs. deflection curves for slabs 1 and 2, part 1 are shown together in
Figure 48. Slab 2 has a significantly shallower loading slope than slab 1. However, both
slabs have a nearly identical unloading slope, so the loading differences are most likely
due to the inconsistent initial loading sequence. Slab 1 and slab 2 both reached a

maximum load of 21.3 kips during part 1.
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Figure 47: Load vs. Deflection curve for slab 2, part 1
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Figure 48: Load vs. Deflection curve for slabs 1 and 2, part 1
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Figure 49 shows the load vs. strain plot for internal strain gages 2-4. Strain
gauge 1 is not shown because it appeared to collect no data. The internal strain gage
data is very unusual and is inconsistent with the load vs. deflection curve and therefore
difficult to interpret. The unusual data may be due to the inconsistent loading but there

may have been a problem with the strain gages themselves or problems with data

recording.
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Figure 49: Load v. Strain curve for slab 2, part 1, internal strain gauges

Figure 50 shows the load vs. strain plot for external strain gages 1 and 3.
External strain gauges 2 and 4 were not included in this data set because the data was
not reliable. External strain gauge 2 appeared to not collect data at all with values

remaining at zero. It is possible this strain gauge became disconnected from the side of
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the slab before testing. Strain gauge 4 had an excessive amount of noise in the data and
was not useful. Strain gauge 1 had some noise but a reasonable trend can still be found.
The curves for the two strain gages shown are consistent with the load deflection curve
such that strain increases with the load until the slab cracks and releases tension in the

strain gages. The maximum strain value reached was approximately 22 microstrain.
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Figure 50: Load vs. Strain curve for slab 2, part 1, external strain gauges
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Figure 51 shows the load vs. deflection curve plot for part 2 of testing slab 2.
The load application was similar to that of the first slab, using a manual pump instead of
a digital load controller. At failure, load could no longer be sustained and crushing was
observed across the top of the specimen in the NSC at failure. Plateauing of the load vs.

deflection plot is indicative of yielding in the reinforcing steel within the joint. The
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ultimate load achieved for slab 2 was 30.3 kips. The calculated failure load
corresponding to the maximum flexural capacity of a monolithic NSC slab was 23.7
kips. The actual failure load exceed the calculated value by 28%. The residual
deflection at the end of part 1 of testing was 0.04 inches. After failure, the specimen
was unloaded and returned to a value of 1.48 inches, which indicates plastic
deformation. The maximum deflection during this test was 1.94 inches. Figure 52
shows the load vs. deflection curve of slab 2, parts 1 and 2, together. The unloading of
part 2 is not shown here. The slope of part 1 and part 2 almost overlap each other, which

mimics consistent loading patterns
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Figure 51: Load vs. Deflection curve for slab 2, part 2
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Figure 52: Load vs. Deflection curve for slab 2, parts 1 and 2

Figures 53-55 show cracks on the slab after failure. At failure, there were no
cracks in the UHPC joint, only in the NSC. Significant cracking occurred underneath
the load point. Additional cracks formed in the NSC starting at the NSC and UHPC
interface. In Figure 55, honeycombing can be seen in the bottom corner of the UHPC
joint. This consolidation issue developed due to a stiff UHPC mix, which probably
caused lack of bond between the NSC and UHPC as well as the UHPC and the steel

reinforcement. This could have also prevented the load from reaching a higher value.
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Figure 53: Cracks formed underneath load on slab 2
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Figure 54: Cracks formed underneath load point on slab 2
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Figure 55: Cracks formed at joint interface due to honeycomb joint

Figure 56 shows the Funderburg (2018) study with Ductal® and the current
study load vs. deflection curves of slab 2, part 1 together. Funderburg had a graphically
determined cracking load of 13.1 kips and a visual cracking load of 14 kips. These
values are higher than those found in this study. The deflection returned to a value of
0.067 inches. The Ductal® curve had a steeper slope throughout part 1 of this slab test
most likely due to premature cracking from the inconsistent part 1 loading of this slab.

Figure 57 shows the Funderburg (2018) study with Ductal® and the current

study load vs. deflection curves of slab 2, part 2 together. Funderburg reached an
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ultimate load of 37.2 kips and the total deflection returned to 1.7 inches. There is a 23%
difference in the ultimate load capacity for slab 2 in these two studies. Figure 58 shows
the load vs. deflection curves for both static slabs compared to Ductal® for part 1 of

testing. Figure 59 shows the load vs. deflection curves for both static slabs compared to

Ductal® for part 2 of testing.

25000
22500
20000
17500

15000

12500

Load (Ib

10000

7500

5000

2500

Deflection (in.)
——J3 UHPC Alternative ——Ductal

Figure 56: Load vs. Deflection curves for slab 2, part 1 compared to Ductal®

77



40000

35000

30000

25000

20000

Load (Ib)

15000

10000

5000

o
o
ul
=

Deflection (in.)

——J3 UHPC Alternative = ——Ductal

1.5 2 2.5

Figure 57: Load vs. Deflection curves for slab 2, part 2 compared to Ductal®
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Figure 58: Load vs. Deflection curves for static slabs, part 1, J3 and Ductal®
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Figure 59: Load vs. Deflection curves for static slabs, part 2, J3 and Ductal®
4.3.3 Slab 3 Cyclic Test Results

Slab 3 was tested cyclically under fatigue loading. Initially, the slab was to be
cyclically loaded to a maximum value lower than the cracking moment. The chosen
maximum value was 90% of the cracking moment, which was 90% of 12.2 kips. Due to
premature cracking of slab 3 in the Funderburg (2018) study, the lowest visually
observed cracking load from slab 1 and 2, 9 Kips, was used. Using the MTS system, a 1
hertz cyclic load was applied to the third slab with a maximum value of 9 kips (74% of
the estimated cracking load). Figure 60 shows a typical loading cycle over 10 seconds.
Figure 61 shows the load vs. deflection curve for one loading portion of a single cycle.
This data from day 3 of loading is representative of the first 3 million cycles of cyclic

loading (the entirety of cyclic data can be seen in Appendix A). The unloading portion
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of the curve is not shown but is similar to the loading portion. The slab was preloaded to
500 pounds to prevent the load from coming up off of the slab so the curve does not
start at zero. A trend line of the entire data set is shown in blue on the graph. The slope
in the equation shown is the stiffness measurement of the slab. Because the first few
data points of this data set are more linear, the linear trend line for the first 4 data points
is also shown in orange. Figure 62 shows the load vs. deflection curve of one cycle from
the Ductal® study by Funderburg (2018) and from this study. Both curves follow the
same trend but the Ductal® curve is slightly steeper, therefore slightly stiffer. The
stiffer Ductal® curve can also attributed to the higher modulus of elasticity (MOE)
Ductal® has compared to J3. J3 has an MOE of about 5,300 ksi (McDaniel 2017) while
Ductal® has a typical MOE of 7,000 ksi (Graybeal 2014). The data from day 1 and day
15 (see Appendix A) will not be included in this analysis due to abnormalities in the
data. Day 1 had larger deflections credited to adjusting the MTS settings for the first
day. Day 15 appeared to have a data collection error and is inconsistent with all other

plots.
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Figure 61: Load vs. Deflection for slab 3, single load cycle selected from day 3
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Slab 3 was supposed to be loaded for 3 million cycles below the cracking
moment then the load would be increased to 5% above cracking moment. Unfortunately
the MTS load controller experienced multiple malfunctions and was unable to complete
the testing of slab 3. The slab reached 2,225,892 cycles (25 days) below the cracking
moment and did not reach 3 million cycles or failure. The data up to 2,225,892 cycles
will be included in this study. The test called for continuing the cyclic test with the
higher cyclic loading for 2 million more cycles or until failure then testing the slab
statically until failure. This data will be included in subsequent literature.

Figure 63 shows time vs. stiffness plot for multiple days. There were
approximately 88,000 cycles per day. A decrease in stiffness is observed over time.

During cyclic testing at around 1,700,000 cycles (20 days), the testing machine
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malfunctioned and applied a constant 16 kip load to the slab instead of applying a cyclic
load ranging from 500 pounds to 9 kips. This most likely caused early cracking which
would cause a rapid decrease in stiffness of the slab as seen on days 21, 23 and 25 in
Figure 64. Figure 64 shows the load vs. deflection curve for multiple cycles from
different days. Data for days 3-19 show very similar trends and almost overlap each
other. This shows consistency in the loading until malfunction at day 20. Figure 65
shows the residual deflections throughout fatigue testing. There was a total residual

deflection of 0.003 inches.
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Figure 63: Slab stiffness over 25 day loading period
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Figure 65: Residual deflections over the course of fatigue testing
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4.3.4 Comparison of Slabs 1, 2 and 3

Figure 66 shows the load vs. deflection curve for the initial loading from the
static test of slabs 1 and 2 and one cyclic loading from slab 3. Slab 2 has a shallower
slope than slab 1 and 3 due to premature cracking during the static test. Slabs 1 and 3
have very similar slopes which demonstrates similar flexural behavior. Slabs 1 and 2
reached a much higher flexural capacity than expected which may be due to the UHPC
providing additional strength a monolithic NSC slab would not have. All 3 slabs
cracked only in the base concrete and then showed weaknesses at the joint interface.
This is similar to the behavior seen with some of the composite MOR specimens that

failed in the NSC.
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Figure 66: Load vs Deflection curve for initial portion of loading for all 3 slabs

4.4  Slant Shear Test Results

Slant shear testing was performed on 6 inch by 12 inch cylinders. After each
failure, measurements were taken in accordance with ASTM C882 (2013). The bond
strength was calculated by dividing the load carried by the specimen at failure by the

area of the interface. The results are shown in Table 23.
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Table 23: Maximum load and bond strength for slant shear specimens

. Bond Corresponding NSC 28-day
. Maximum . .
Specimen Load (Ib) Strength Compressive Compressive
(psi) Strength (psi) Strength (psi)
Cylinder 1 123,670 2280 4370
Cylinder 2 110,130 2230 3900
Cylinder 3 152,010 2870 5380
Cylinder 4 123,290 2380 4360 5750
Average 127,275 2440 4503
S.td'. 15,286 254 541
Deviation

All slant shear specimens failed at the interface and all bond strength values

were within 18% of the average. The Funderburg (2018) study had an average bond

strength of 2670 psi. There is less than a 10% difference between the average bond

strength for the J3 mix compared to Ductal®.
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5 Findings, Conclusions, Recommendations and Future Work

The primary goal of this study was to implement the UHPC alternative
developed in the McDaniel (2017) study in specimens that were comparable to the
Funderburg (2018) study. The purpose of this was to determine if the UHPC alternative
is comparable to the proprietary Lafarge product, Ductal®. The following chapter

summarizes the findings, conclusions and recommendations from this research study.

5.1 Findings
The following findings were observed throughout the course of this research
study:

e Heat curing of UHPC increased the early age strength properties.

e The first set of composite MOR specimens had very low bond strengths with
28% of the specimens separating during de-molding.

e The second set of composite MOR specimens performed much better than the
first set, with no specimens separating during demolding.

e For the first set of MOR specimens, the average flexural strength for the wire
brushed, sand blasted, and exposed aggregate specimens was 15 psi, 210 psi,
and 184 psi, respectively.

e For the second set of MOR specimens, the average flexural strength for the wire
brushed, sand blasted, and exposed aggregate specimens was 436 psi, 447 psi,

and 200 psi, respectively.
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For the first set of MOR specimens, the average flexural strength for the 45
degree, 60 degree, and 90 degree specimens was 133 psi, 106 psi, and 92 psi,
respectively.

For the second set of MOR specimens, the average flexural strength for the 45
degree, 60 degree, and 90 degree specimens was 438 psi, 406 psi, and 242 psi,
respectively.

For the first set of MOR specimens, the average flexural strength for the shear
key specimens was 418 psi.

For the second set of MOR specimens, the average flexural strength for the
shear key specimens was 193 psi.

For the second set of MOR specimens, the average flexural strength of the 60
degree and 45 degree, sand blasted and wire brushed specimens all exceeded or
came within 3% of exceeding the NSC flexural strength.

Approximately 25% of the second set of composite MOR specimens failed in
the base concrete.

The ultimate flexural load capacity of slab 1 (34.3 kips) exceeded the calculated
flexural load capacity of a monolithic NSC slab of the same size (23.7 kips) by a
total of 45%.

The ultimate flexural load capacity of slab 2 (30.3 kips) exceeded the calculated
flexural load capacity of a monolithic NSC slab of the same size (23.7 kips) by a
total of 28%.

The average flexural load capacity of slabs 1 and 2 (32.3 kips) came within 12%

of the average flexural load capacity of slabs 1 and 2 from the Funderburg study
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(36.7 kips) using Ductal®. Without including the cracked specimen (slab 2), the
difference reduces to 7%.

The flexural stiffness of slab 3 under fatigue loading decreased by
approximately 0.68 kips/inch between days 1 and 19 and decreased by
approximately 14 kips/inch between days 19 and 21 after a 16 kip load was
wrongfully applied. Additionally, residual deflections increased over time to a
maximum of 0.01 inches.

All slabs experienced some degree of separation at the NSC-UHPC interface at
ultimate load.

The internal strain gauges on slab 1 exceeded the yield strain indicating that the
reinforcing steel yielded.

The bond strength for the slant shear specimens in this study (2440 psi) came
within 9% of the bond strength found in the Funderburg study (2670 psi) using

Ductal®.

5.2 Conclusions

Based on the results of the testing detailed in this study, the following

conclusions are presented:

Heat curing of UHPC is required to achieve the early age strength advantages of
the material.
Sufficient workability is required to achieve high bond strengths between UHPC

and NSC.
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The use of a thinner/lighter steel fiber allowed for increased flowability of the
modified J3 mix.

The modified J3 mix showed significantly improved flowability without
compromising compressive strength and noticeably improved bond strength
with the normal strength concrete substrate.

Sand blasting is the best surface preparation for composite MOR specimens like
those in this study although it is suspected that exposed aggregate could perform
just as well. These surface preparations would likely perform best in the field.
The 45 degree interface angle is the best interface configuration for composite
MOR specimens like those in this study. This interface angle would likely
perform best in the field.

Using the modified J3 mix produced favorable results especially for the 60
degree and 45 degree, sand blasted and wire brushed specimens. These
specimens had a flexural strength that exceeded or almost exceeded the base
concrete flexural strength, showing that the bond between UHPC and NSC is
stronger than the NSC alone.

Slab 1 far exceeded the calculated failure load, which may indicate that the
UHPC joint provided additional strength to the slab.

After being prematurely cracked, slab 2 still exceeded the calculated failure load
showing that the additional strength gained from the UHPC joint can offset

possible strength loss from cracking.
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e The flexural strength of the slabs in this study are comparable to those in the
Funderburg study, and had slab 2 not been prematurely cracked, the difference
in ultimate flexural strengths would be much less.

e Once a higher load was applied, the overall flexural stiffness of slab 3 decreased
proportionally and the residual deflection increased slightly.

e The NSC-UHPC interface on the slabs could potentially be a weak point but
failure was mainly due to cracking and crushing of the NSC on the first two
slabs, much like in the Funderburg study. Because the third slab was not tested
to failure, those results will have to be included at a later time.

e UHPC mix, J3, provided sufficient bond strength with a 4 inch lap length to
yield the #5 reinforcing bars in the slab joint.

e Slant shear testing displayed that the bond strength of the UHPC to the NSC was
comparable to the Funderburg study although the correlation between slant shear
bond strength and flexural bond strength is still unclear.

e The UHPC alternative, J3, is an adequate substitute for the proprietary product,
Ductal® in terms of strength and performance as a repair material in some

applications.

5.3 Recommendations and Future Work
The following recommendations are presented based on the research conducted

in this study and those preceding it:
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After repair of the MTS controller, the remainder of cyclic and static testing on
slab 3 should be completed in order to accurately characterize and compare with
the other 2 slabs in this study and slabs in the Funderburg study.

The UHPC alternative, J3, should be further modified to make it more workable
and improve its bond to NSC. Once the mix is modified and bond is improved
between the UHPC alternative and NSC, more specimens that will assess the
bond of the material should be fabricated and tested.

Studies should be performed to assess bond strength and performance of UHPC
repair joints and composite MOR joints for specimens with a dampened surface
to determine the effects of moisture on the bond. This test should be done with
both Ductal® and J3.

UHPC alternative, J3, is a promising repair material for bridge joints and can
possibly be used in place of Ductal® in some applications. Additional research
should be conducted to assess the best mix design and the best practices

including heat curing, bond performance, and other behavioral qualities.
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Appendix A: Figures

Figure 67: Slab joint during heat curing

Figure 68: Rendering of slab with UHPC joint
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Figure 69: Rendering of slab rebar layout

Figure 70: Rendering of slab rebar layout and dimensions
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Figure 71: Load vs. Strain curve for slab 1, part 1, all internal strain gauges
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Figure 72: Load vs. Strain curve for slab 2, part 1, all internal strain gauges
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Figure 73: Load vs. Strain curve for slab 1, part 1, all external strain gauges
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Figure 74: Load vs. Strain curve for slab 2, part 1, all external strain gauges
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Figure 75: Load vs. Deflection for slab 3, single load cycle selected from day 1
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Figure 76: Load vs. Deflection for slab 3, single load cycle selected from day 3
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Figure 77: Load vs. Deflection for slab 3, single load cycle selected from day 5
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Figure 78: Load vs. Deflection for slab 3, single load cycle selected from day 7
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Figure 79: Load vs. Deflection for slab 3, single load cycle selected from day 9
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Figure 80: Load vs. Deflection for slab 3, single load cycle selected from day 11
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Figure 81: Load vs. Deflection for slab 3, single load cycle selected from day 13
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Figure 82: Load vs. Deflection for slab 3, single load cycle selected from day 15

106




9000 1

8000 1
7000 1
6000 1
S 5000 1
g ]
& 4000
3000 ]
2000 ]
1000 3

y = 105639x - 539.33

0.04 0.05
Deflection (in.)

Figure 83: Load vs. Deflection for slab 3, single load cycle selected from day 17
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Figure 84: Load vs. Deflection for slab 3, single load cycle selected from day 19
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Figure 85: Load vs. Deflection for slab 3, single load cycle selected from day 21
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Figure 86: Load vs. Deflection for slab 3, single load cycle selected from day 23
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Figure 87: Load vs. Deflection for slab 3, single load cycle selected from day 25
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Appendix B: Calculations

Maximum Tensile Stress at Failure
R= - (ASTMCT78)
where
R = MOR, psi
P = maximum observed load, Ib
L = span length of the specimen from support to support, in.
b = width of the specimen at location of failure, in.

d = depth of specimen at location of failure, in.

fr =7.5fc (ACI 318)
where
fr = flexural tension strength, psi

f’c = compressive strength of NSC, psi

Cracking Moment and Corresponding Load

I
Mg, = b
Ve

Where
fr =7.5/f'c =7.5,/5500 psi = 556.2 psi

_ bh®  (48in.)(8in.)?

— o 4
12 1 = 2,048 in.
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So,

_ frls _ (580.9 psi)(2,048 in.*)
oy 4 in.

= 297,445 1b - in.= 248 kip- ft

Ccr

To find the corresponding point load for a non-symmetric simple span of length L = A +
B:

_ ML (248kip- ft)(85 ft)
T AB~ (5.167 ft)(3.333 f1)

= 12.24 kips

Note that

M., = cracking moment, Ib-in.

f = modulus of rupture of concrete, psi

I, = moment of inertia of gross section of slab about centroidal axis, in.*
b = width of compression face of member, in.

h = overall depth of member, in.

v, = distance from the centroid of the cross section to the tension face, in.

f'. = compressive strength of concrete, psi

Flexural Capacity and Corresponding Load

Assuming both layers of steel are in tension during loading,

M, = Aslfy (dl _%) + Aszfy (dz _%)

Where
Ag = Ay, =4(031in2) = 1.24in?
fy = 60 ksi

d, = 6.063 in.
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d, = 2.44 in.

245f,  2(1.24in.?)(60 ksi)

“T085f b 0.85(6ksi)(48in.) 0.61n
_a_06lin_
Cc = ’Bl = 0.80 = U. mn.

Checking the assumption that the steel yields:

0.003 0.003
&1 = T(dl —c) = W(6.063 —0.76) = 0.021 > 0.00205
0.003 0.003
Egp = T(dz —c) = m(2.44 —0.76) = 0.007 > 0.00205
So,
0.76 in. 0.76 in.
M, = (1.24 in.? )(60 ksi) [(6.063 in.— ) + (2.44 in.— )]

=576.1kip-in.=48.0kip- ft
To find the corresponding point load for a non-symmetric simple span of length L = A +
B:

_ ML _ (48.0kip - ft)(8.5 ft)
T AB ~ (5.167 ft)(3.333 f1)

= 23.69 kips

Note that

M,, = nominal flexural strength at section, Ib-in.

Ag, = area of the bottom layer of longitudinal tension reinforcement, in.?
A, = area of the top layer of longitudinal tension reinforcement, in.?

fy = specified yield strength of reinforcement, ksi
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d, = distance from extreme compression fiber to centroid of bottom layer of
longitudinal tension reinforcement, in.

d, = distance from extreme compression fiber to centroid of top layer of longitudinal
tension reinforcement, in.

a = depth of equivalent rectangular stress block, in.

c¢ = distance from extreme compression fiber to neutral axis, in.

&s1 = value of net tensile strain in the bottom layer of longitudinal tension
reinforcement, unitless

&5, = value of net tensile strain in the top layer of longitudinal tension reinforcement,

unitless
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