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EXECUTIVE SUMMARY
Background and Problem Statement

High-performance concrete (HPC) and portland cement concrete (PCC) are the most commonly
used bridge deck overlay materials in the state of lowa. A three-day (72-hour) wet curing
procedure is specified for these materials in the lowa Department of Transportation (DOT)
standard specifications. Due to the high cost of traffic control for heavily traveled urban
highways, it is desired to reduce traffic disruptions as much as possible.

To meet this need, high early strength latex-modified concrete (LMC-VE) overlays are intended
to be ready for traffic within 3 to 6 hours of placement. Previous research has indicated that an
LMC-VE overlay is more durable than other early strength overlays because it is less prone to
shrinkage-related problems and has a higher resistance to chloride ion penetration.

Though an LMC-VE overlay has a high initial cost, this cost can be offset by the overlay’s
ability to reduce traffic control expenses and extend the service life of a bridge deck by an
additional 30 years, reaching a total service life of over 75 years.

Though an LMC-VE overlay has a high initial cost, this cost can be offset by the overlay’s
ability to reduce traffic control expenses and extend the service life of a bridge deck by an
additional 30 years, reaching a total service life of over 75 years. Several states (e.g., Virginia,
Ohio, Missouri, Kentucky) have explored the use of LMC-VE overlays in their bridge
construction projects.

In September 2019, the lowa DOT conducted the first trial placement of an LMC-VE bridge
deck overlay in the state of lowa. The overlay was placed on the IA 15 bridge over Black Cat
Creek in Emmet County. To evaluate the performance of this overlay, the research described in
this report had the following objectives:

1. Document the advantages and difficulties associated with the use of LMC-VE in bridge deck
overlays before, during, and after overlay construction.

2. Evaluate the key engineering properties (compressive and flexural strength, tensile adhesion
bond strength, chloride penetration resistance, and friction index) of the overlay material in
the laboratory by casting numerous test specimens in the field during overlay construction.

3. Monitor the field performance of the constructed LMC-VE overlay for five years through
frequent field visits, testing, and measurements.

4. Conduct a detailed life-cycle cost analysis (LCCA) of the LMC-VE overlay in comparison to
polymer concrete, normal concrete, and HPC overlays.

5. Provide insights and recommendations for the use of LMC-VE overlays on lowa bridges.

Xiii



Major Findings and Conclusions

Laboratory Performance of Field-Cast Specimens

Fresh Concrete Properties

The LMC-VE used in the field overlay project is highly workable, having a slump of
approximately 9 in. and an air content of 5.5% in the fresh state. The initial set time measured by
a pocket penetrometer at a penetration resistance of 500 psi was 36 minutes.

The LMC-VE paste (made with the cement, latex, and citric acid) displayed rapid heat
generation during a period spanning 5 to 10 hours after mixing. During this period, the heat of
hydration of the paste increased from about 25 J/g to 180 J/g, an increase about twice that of a
conventional pavement cement paste. Such rapid heat generation could be responsible for
potential thermal cracking of the LMC-VE overlay.

Mechanical Properties

LMC-VE developed a satisfactory compressive strength of 2,827 psi at 3 hours, which is
favorable for quickly opening a pavement to vehicular traffic. The compressive strength
increased to 5,952 psi by 28 days and 7,816 psi by 400 days.

The early-age flexural strength increased from 685 psi at 3 days to 865 psi at 28 days.

The 28-day pull-off strength testing of LMC-VE overlaid on HPC substrate beams indicated
a bond strength of 283 psi (greater than the 250 psi recommended for thin epoxy overlays).

Chloride Intrusion Resistance

The average surface resistivity (SR) values of laboratory-cast LMC-VE specimens were 24.9
kQ-cm at 3 days and 70.3 kQ-cm at 14 days.

Because the LMC-VE specimens were water cured for only 3 days and then air cured at room
temperature until they were tested, the SR values at 28 days were found to be unstable.
Therefore, subsequent tests involved soaking specimens in water for 2 days before taking SR
measurements.

SR values of 61.4 kQ2-cm at 170 days, 69.0 kQ-cm at 340 days, and 110.3 kQ-cm at 440 days
were found, indicating enhanced impermeability due to the synergistic effect of continued
hydration and the development of a complex latex network within the system.

The chloride content determined from 90-day salt ponding tests indicated average acid-
soluble chloride contents of 0.36% and 0.13% in the top and bottom 1/2 in. layers,
respectively. The results indicate that an LMC-VE overlay has better chloride penetration
resistance than a low-slump dense concrete (LSDC) overlay but not an epoxy overlay.
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Moisture Transport

The field-cast LMC-VE specimens cured in the laboratory for 28 days (3 days in water and
25 days in air) showed a slightly lower initial sorptivity value than the cored, laboratory-cast,
28-day-old substrate HPC specimens, whereas the secondary sorptivity of the LMC-VE
specimens was much higher than that of the substrate HPC specimens.

The field-cored LMC-VE specimens showed a lower initial sorptivity value than the HPC
specimens from the existing bridge deck, whereas the secondary sorptivity of the LMC-VE
specimens before the age of 8.5 months was higher than that of the HPC specimens at an age
of 8.5 months. After 8.5 months, the secondary sorptivity values of the field-cored LMC-VE
specimens approached those of the HPC substrate specimens.

Other Durability Properties (Drying and Autogenous Shrinkage and Freeze-Thaw Resistance)

After 400 days, the LMC-VE prism specimens showed autogenous and drying shrinkage
values of 115 and 440 microstrain, respectively, well within the typical values for PCC.
Field-cast, laboratory-cured beam specimens made entirely with LMC-VE (denoted as LMC-
VE-only) showed relatively poor freeze-thaw resistance, contrary to previous studies. At 72
freeze-thaw cycles, these specimens experienced significant mass loss, and the relative
dynamic modulus fell below 60% (the lower limit specified in ASTM C666). The rate of
deterioration increased thereafter, and testing was terminated after 112 freeze-thaw cycles.
Such poor freeze-thaw resistance might be related to the high secondary sorptivity of the
LMC-VE, and the increasing amount of moisture absorbed in the LMC-VE as soaking time
increased might be responsible for the rapid freeze-thaw deterioration.

In contrast, beams comprised of LMC-VE overlaid on an HPC substrate showed better
freeze-thaw resistance than the LMC-VE-only beams. With no considerable mass loss, the
relative dynamic modulus of these specimens was above 85% at 144 freeze-thaw cycles.
However, after 144 cycles the LMC-VE overlay debonded from the substrate, and testing
was terminated after 144 freeze-thaw cycles.

The failure of the LMC-VE-substrate bond of the field cast specimens was possibly due to
inadequate preparation of the substrate surface in the laboratory, resulting in insufficient
microtexture/roughness of the exposed coarse aggregates. However, construction of the field
overlay involved more extensive surface preparation techniques, including milling,
hydrodemolition, and sand-blasting, and the LMC-VE-substrate bond of the LMC-VE
overlay performed well in the field.

Short- and Long-Term Performance of In-Service/Field Overlay

The LMC-VE overlay material tended to develop transverse and diagonal hairline cracks
over time. The major causes of these cracks may include the rapid, high heat generation
experienced during cement hydration at a very early age (5 to 10 hours after casting), the
material’s susceptibility to shrinkage, the effect of bridge skew angle, reflective cracking
from the substrate, and high vehicular loading at an early age.

The frequency of cracking slowed after three years.
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The in-service overlay showed slight material spalling and abrasion/erosion at a few areas on
the overlay surface.

The overlay friction index, expressed in terms of the average British Pendulum Number
(BPN) values, decreased over time but remained above 55, the value deemed necessary for
traffic safety.

Up to 26 months, SR values generally increased as the overlay age increased, indicating
improvement in the microstructure and pore network. At later ages, the average SR values
decreased slightly, which may indicate a slight deterioration in the overlay material, possibly
associated with the spalling and cracking observed.

The LMC-VE-substrate bond failure mode changed with time. At a very early age (4 days),
the failure of the pull-off specimens occurred in the LMC-VE. For specimens between 2 and
14 months old, most failures occurred at the LMC-VE overlay-substrate interface. After that
time (from 14 to 50 months), all specimens tested failed at the substrate, indicating the
growth of the bond strength between the LMC-VE overlay and substrate.

Although exhibiting large variation, the strengths of most specimens at failure were greater
than 250 psi, which could be classified as “very good” and adequate.

Life-Cycle Cost Analysis

While polymer concrete overlays require less maintenance during their service life, the
agency cost of these overlays is considerably higher than that of PCC and HPC overlays. The
agency cost of polymer overlays is heavily influenced by their initial construction cost.

The faster time for opening to traffic in the case of polymer overlays greatly reduces the cost
of traffic control and thus the user cost.

Deterministic analysis showed that the LMC-VE overlay has the highest agency cost among
the overlay alternatives (LMC-VE, LMC, PPC, low-slump PCC, and HPC), primarily due to
its very high initial construction cost. However, the LMC-VE overlay has the lowest user
cost due to its rapid opening to traffic. (Note that UHPC overlays were not included in this
analysis.)

Probabilistic analysis revealed that at the same probability level, the agency cost of the LMC-
VE overlay is higher than that of the other overlay alternatives, while the opposite trend
holds for the user cost. The LMC-VE overlay also has the highest mean net present value
(NPV) for the agency cost, but the standard deviation is lower.

The annual average daily traffic (AADT) threshold for the LMC-VE overlay was determined
to be 3,300. Above this AADT, the total cost of the LMC-VE overlay is expected to be less
than that of the other overlay alternatives.

The LCCA results suggest that the life-cycle cost of the LMC-VE overlay outweighs the
potential benefits, such as rapid opening to traffic. However, when AADT values are above
3,300, the LMC-VE overlay could be a better alternative.

Recommendations

The results of this research are expected to serve as a benchmark and assist in decision-making
related to the selection of overlay alternatives for future bridge deck applications in lowa.
Recommendations resulting from this research are presented below.
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Control of Temperature Rise

Calorimetry test results from the laboratory study showed rapid heat generation during hours 5
through 10 of cement hydration, and the high temperature of the LMC-VE overlay was also
noticed by the investigators during the SR measurement of the field overlay 3 hours after casting.
Such early, rapid heat generation resulting from the rapid hydration of calcium sulfoaluminate
(CSA) cement could be responsible for the thermal cracking of LMC-VE.

It is recommended that the temperature of the LMC-VE overlay be monitored in future LMC-VE
overlay practice. Concrete cooling measures, such as the use of pre-cooled aggregates, chilled
mixing water, and/or a sprinkling system for curing, may be taken to further reduce concrete
placement temperature.

LMC-VE mix proportions, such as the latex and citric acid contents, may be adjusted to reduce
rapid heat generation within the short period of early-age cement hydration, thus minimizing the
early-age cracking due to rapid heat generation from cement hydration. Supplementary
cementitious materials may also be used to reduce not only the heat of hydration but also the
secondary sorptivity of the concrete, thus reducing cracking and deterioration.

Issues Related to Shrinkage Properties

Although the laboratory investigation showed that the shrinkage behavior of the laboratory-cured
LMC-VE was similar to that of conventional pavement concrete, the field LMC-VE overlay
showed a number of fine/hairline transverse cracks, which was possibly related to the shrinkage
of the LMC-VE. The following measures can be considered to minimize shrinkage cracking:

e The early opening of the field overlay to traffic might have increased the likelihood of
shrinkage cracks because the concrete continues to shrink after exposure to traffic loads.
Therefore, one possible measure for addressing this issue is to further improve LMC-VE
curing. Because LMC-VE exhibits rapid strength gain and high shrinkage at a very early age,
extending the curing time and properly removing the burlap to avoid sudden temperature and
moisture changes may help reduce some shrinkage-related cracking.

e Techniques for shrinkage reduction, such as the use of shrinkage-reducing agents and/or
lightweight fine aggregates (LWAS) as internal curing agents, could also be considered.

e Since the extent of shrinkage varies with latex dosage, future research should consider
different latex dosages in combination with the use of internal curing agents.

e Since shrinkage is significantly influenced by the high initial heat of hydration of LMC-VE,
heat should be measured at the site of material placement. This could be supplemented with
laboratory-based isothermal/semi-adiabatic calorimetry tests.

e Future applications of LMC-VE need to consider all of the above to ensure that the
constructed overlay is free from shrinkage cracking.
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Correlating LMC-VE Microstructure to Durability

The laboratory investigation showed that the secondary sorptivity of the laboratory-cured LMC-
VE specimens (at 28 days) was much higher than that of the conventional HPC used for
overlays, and the freeze-thaw resistance of LMC-VE-only specimens was low. Small areas of
spalling were observed at a few locations on the field LMCVE overlay. All of those could be
attributed to improper pore structure in the LMC-VE, possibly due to chemical reactions among
the cement, latex, and citric acid components in the overlay and the deicer chemicals applied to
the deck surface. Future research should be conducted to investigate these physico-chemical
phenomena through detailed microstructural investigation. Through a better understanding of the
interactions of the material components, LMC-VE mix proportions can be optimized for a better
performance.

Potential Cost Savings through LMC-VE Applications

e Inthe LCCA, the construction cost of the LMC-VE overlay was recognized as being higher
than that of the other overlay alternatives. However, an LMC-VE overlay may result in cost
savings when the AADT is greater than 3,300. Above this threshold, the total life-cycle cost
of an LMC-VE overlay is expected to be less than that of the other overlay alternatives.

e The use of LMC-VE as an overlay material is not preferable for AADT values lower than
3,300.
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1. INTRODUCTION
1.1 Problem Statement

Bridge deck overlays have been used as an effective deck service life extension tool by the lowa
Department of Transportation (DOT) since the 1970s. Class HPC-O high-performance concrete
(HPC) and Class O portland cement concrete (PCC) are the most commonly used materials for
rigid overlays. A three-day (72-hour) wet curing procedure is specified in the lowa standard
specifications. Due to the high cost of traffic control for heavily traveled urban highways, it is
highly desired to reduce traffic disruptions as much as possible by getting the work done at night
or on weekends. To meet this need, thin epoxy overlays were tested recently with good success,
and this treatment has been adopted as a bridge preservation tool for decks that are still in good
or fair condition. However, when an overlay of considerable thickness is needed or when
significant patching is required, another overlay system, a high early strength latex-modified
concrete (LMC-VE) overlay, has been proven to be a better choice.

LMC-VE has been used successfully in situations where a bridge lane can be closed for 1 to 2
days, such as over a weekend, but also in situations where a lane can only be closed for 8 hours
or less, as is the case with a nighttime closure (Sprinkel 1999). Researchers have indicated that
compared with other early strength overlays, an LMC-VE overlay is more durable because it is
less prone to shrinkage-induced problems and has a higher resistance to chloride ion penetration.
When an LMC-VE overlay is placed on a hydrodemolition-prepared bridge deck surface, the
service life of the deck can be expected to be over 75 years, and the high initial cost of an LMC-
VE overlay can be offset by its extended service life (Martens 2015). Thus, the use of an LMC-
VE overlay is an ideal choice for expedited construction. Several states (e.g., Virginia, Ohio,
Missouri, Kentucky) have already explored the use of LMC-VE overlays in their bridge
construction projects.

In 2018, the lowa DOT decided to explore the use of LMC-VE overlays. In a project let on
November 20, 2018 (BRFN-015-4(18)-39-32), the lowa DOT conducted the first trial placement
of an LMC-VE bridge deck overlay in the state of lowa. This overlay was placed on the IA 15
bridge over Black Cat Creek in Emmet County, in lowa DOT District 2. The present research
project documented the entire construction procedure, thoroughly evaluated the short-term and
long-term performance of the LMC-VE overlay both in the laboratory and in the field, and
summarized the experience and lessons learned from this field project to not only serve as an
essential tool for future bridge deck overlay decision-making but also provide design and
construction guidance for future practice.

1.2 Objectives and Approach

The overall goal of this research was to explore the potential use of LMC-VE in lowa bridge
deck overlays. This was achieved by studying the first application of an LMC-VE overlay in
lowa, which was placed on the 1A 15 bridge over Black Cat Creek in Emmet County, and
monitoring its performance both in the laboratory and in the field (i.e., when the overlay was in
service). The specific approach to meet this objective included the following components:



w

Document and identify the benefits and problems associated with the use of LMC-VE during
construction of the LMC-VE overlay on the selected bridge. The documentation included
detailed information on the materials used, construction conditions and procedures, and
quality assurance/quality control (QA/QC) methods and procedures.

Evaluate the key engineering properties (such as compressive and flexural strengths, tensile
adhesion bond strength, chloride penetration resistance, and friction index) of LMC-VE
using standard and accelerated test methods.

Monitor the field performance of the constructed LMC-VE overlay for up to five years.
Conduct a detailed life-cycle cost analysis (LCCA) of the LMC-VE overlay in comparison to
different conventional rigid overlay types belonging to three broad categories: polymer
concrete overlays, normal concrete overlays, and high-performance concrete overlays.
Analyze the research results, understand the LMC-VE overlay’s performance, and provide
insights and recommendations for the future use of LMC-VE overlays on lowa bridges.

1.3 Scope of the Study

The following tasks were conducted to reach the technical objectives:

1.

2.

The existing literature was reviewed to obtain detailed information on the applications of
LMC-VE in US bridges, including construction procedures, material properties, and
performance evaluation methods.

An in-depth field investigation was conducted in three stages: (1) documentation of field

construction operations prior to LMC-VE overlay placement (i.e., pre-construction stage), (2)

field testing and preparation of test specimens during overlay placement, with field-cast

specimens safely transported in their molds/forms to the Portland Cement Concrete Research

Laboratory (PCC Lab) at lowa State University (ISU) for laboratory investigation (i.e.,

construction stage), and (3) short-term and long-term monitoring of the overlay’s

performance in the field after placement (i.e., post-construction stage). The three stages are
outlined in detail below:

a. Pre-construction Stage: This stage included documentation of information related to (1)
LMC-VE materials and mix proportions; (2) preparation of the substrate surface (via
milling, hydrodemolition, sand-blasting, etc.); (3) on-site procedures related to concrete
mixing, placement, finishing, creation of construction joints, and curing; (4) construction
conditions (roughness of prepared substrate surface, moisture conditions, weather data,
traffic loading conditions [intensity, time], etc.); and (5) QA/QC methods for evaluation.

b. Construction Stage: During overlay construction, different tests were conducted on site
and various specimens were cast to investigate a range of overlay material properties in
the laboratory (ISU’s PCC Lab). Specimens were cast to understand compressive strength
(cylindrical concrete specimens) and flexural strength (concrete prism specimens)
development, chloride penetration resistance through surface resistivity (SR) (cylinders),
salt ponding (small-scale slabs), water sorptivity (cylinders), and freeze-thaw durability
(concrete beams of two types: one made completely of overlay material and one
consisting of a conventional high-performance concrete substrate overlaid with LMC-
VE). Field tests included measurements of concrete setting time and SR measurements on
the cast overlay surface (three hours post construction).



c. Post-construction Stage: The overlay’s performance in the field was monitored in the
short term (starting from four days post construction) and in the long term (up to five
years post construction) through various tests, including core pull-off tests, friction index
measurements, and SR measurements. The condition of the cast surface was also
thoroughly documented through examination for any signs of cracking (and cracking
patterns), measurement and mapping of crack dimensions, and documentation of any
signs of deterioration (such as abraded surface regions, concrete spalling, etc.) through
photographs and schematics.

3. A comprehensive LCCA was performed to evaluate the total economic value/cost of the
construction (considering the direct costs) and maintenance (considering the user costs) of
the LMC-VE overlay in comparison to an HPC overlay. Additionally, three other overlay
types, including a PCC overlay, a polyester polymer concrete (PPC) overlay, and a latex-
modified concrete (LMC) overlay, were also considered to evaluate different alternatives for
overlay system applications in the state of lowa. The discount rates recommended by the
Federal Highway Administration (FHWA) were considered for the analysis, and a typical
cash flow diagram was developed for both LMC-VE and conventional thin concrete overlays
to identify potential life-cycle cost savings through LCCA.



2. LITERATURE REVIEW
2.1 Polymer Modification of Cementitious Systems

Modification of cementitious systems with polymers and monomers was first introduced as an
attempt to address the limitations associated with cement concrete, such as delayed hardening,
high drying shrinkage, low tensile strength, and low chemical resistance (Ohama 1995). These
modifiers included (1) polymer latexes (including elastomeric latexes, thermoplastic latexes,
thermosetting latexes, bituminous latexes, and mixed latexes), (2) re-dispersible polymer
powders, (3) water-soluble polymers, (4) liquid resins, and (5) monomers. The most widely used
of these modifiers is polymer latex. Among the wide variety of available polymer latexes (Table
2.1), styrene-butadiene rubber (SBR), a synthetic rubber latex, is the most commonly used.

Table 2.1. Polymer latexes used for modifying cementitious systems

Type Characteristics

Natural rubber latex or synthetic latex (styrene-butadiene, polychloroprene
[neoprene], acrylonitrile-butadiene)

Polyacrylic ester, styrene-acrylic, polyvinyl acetate, vinyl acetate copolymers,
polyvinyl propionate, vinylidene chloride copolymers, polypropylene

Elastomeric

Thermoplastic

Thermosetting Epoxy resin
II\B/;;[)lig(\jmous and Asphalt, rubberized asphalt, coal tar, paraffin

Data source: ACI Committee 548 2009

Usually, latexes contain 50% by weight of spherical polymer particles held in suspension in
water by surface-active agents (Choi and Yun 2014) in dispersed form and are added to the
cement mortar or concrete during mixing. A part of the mixing water is replaced with the latex
emulsion, and the mixing of the concrete is usually carried out using a mobile mixer for
placement (Figure 2.1). The presence of surface-active agents in the latex results in the
development of large amounts of entrained air in the concrete. Hence, air-detraining agents are
usually added to reduce extra air in the concrete (Choi and Yun 2014). In a typical latex, the
polymer particles (produced from emulsion polymerization) range from 50 to 500 nm in size
(Ohama 1995).
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Figure 2.1. Special truck used to mix/discharge LMC

LMC was first used on a bridge deck in Virginia in 1969. The material was a PCC containing an
admixture of styrene-butadiene latex particles suspended in water to replace a portion of the
mixing water (Sprinkel 1999). LMC can be classified as (1) conventional LMC, (2) high early
strength LMC (LMC-HE), and (3) LMC-VE. Conventional LMC overlays utilize Type I/1
cement, whereas special cements are used for LMC-HE and LMC-VE. The rate of slump loss in
LMC-VE is higher than in other types of LMC and hence requires the contractor to work at a
faster pace. Conventional LMC has a curing period of around 72 hours and traffic is usually
allowed after 4 to 7 days (Sprinkel 1999), while the curing period for LMC-VE is approximately
3 hours because it provides high early strength. However, the precise strength of LMC-VE
depends on the curing temperature, a major factor in the development of compressive strength
(Sprinkel 1998). This can be well understood from Figure 2.2, which shows the temperature
dependence of strength development in LMC-VE. Therefore, there is a restriction on the use of
LMC-VE below certain temperatures. For instance, the Virginia DOT (VDOT) restricts the
application of LMC-VE below 10°C (Sprinkel 1999).
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Figure 2.2. Influence of curing temperature on the strength development of two batches
(SB1 and SB2) of LMC-VE

2.2 Hydration of Cement in LMC

The hydration mechanism in LMC includes the formation of a polymer-cement co-matrix phase
where the cement hydration products and the polymer film are formed and penetrate into each
other. This results in the development of a monolithic network, which forms a matrix of latex-
modified mortar and concrete. The cement hydration reaction occurs first and is then followed by
the formation of the polymer film, eventually resulting in the formation of the co-matrix phase
(Ohama 1995) (Figure 2.3). As the cement particles hydrate and the mixture sets and hardens, the
polymer particles become concentrated in the void spaces. As the removal of water due to
cement hydration, evaporation, or both continues, the polymer particles coalesce into a polymer
film that is interwoven into the hydrated cement, resulting in a mixture or co-matrix that coats
the aggregate particles and lines the interstitial voids. Hence, the combination of concrete and
polymers can improve the properties of both and yield cement composites with enhanced
strength and durability. In the case of reactive polymers, the polymers might chemically react
with calcium ions and the surfaces of the calcium hydroxide crystals in the cement paste and the
silicate surfaces of the aggregates, forming chemical bonds. These chemical bonds might or
might not improve the properties of the modified cement mortar or concrete. A few examples of
reactive polymers include poly(vinylidene chloride-vinyl chloride), poly(styrene-acrylic ester),
and polyacrylic esters.
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Figure 2.3. Simplified model of the formation of the latex-cement co-matrix

2.3 Durability and Long-Term Performance of LMC

Compared to conventional concrete, LMC shows improved performance in terms of oxygen
diffusion, carbonation, chemical resistance, water penetrability, chloride penetration resistance,
and freeze-thaw durability (Ohama 1995, Bordeleau et al. 1993, Yun et al. 2004, Shaker et al.
1997). The resistance to chloride and water penetration is due to the use of low water-to-cement
(w/c) ratios and the formation of a plastic layer (a polymer film [Bordeleau et al. 1993]) by the
latex particles within the C-S-H matrix (Yun et al. 2004). Improved freeze-thaw behavior (even
in the presence of deicing salts) is due to the flexibility (i.e., LMC can easily expand and contract



during frost action) and impermeable nature of LMC (Sprinkel 1999). LMC has a relatively
lower total pore volume and porosity than conventional concrete, and these properties generally
decrease with an increase in the polymer-to-cement ratio (Ohama 1995). Not only do the
polymer particles reduce the rate and extent of moisture movement (by blocking passages), but
when microcracks form the polymer film also bridges the cracks and restricts their propagation
(ACI Committee 548 2009, Shaker et al. 1997). In contrast, such strands are not present in
unmodified concrete (ACI Committee 548 2009).

One of the important parameters of LMC is the latex-solid content. It has been observed that an
increase in the latex-solid content can change the initial setting to a small extent and increase
both the total and autogenous shrinkage but not alter the overall trend of the hydration
temperature (Choi and Yun 2014). In one study (Lee and Kim 2018), a good correlation (with R?
= 0.93) was found between compressive strength and chloride ion penetration resistance,
indicating that high-strength LMC shows high resistance to chloride ion penetration. In another
study (Bordeleau et al. 1993), the scaling resistance of LMC was found to be excellent, even
though the exhibited compressive strength was significantly lower than that of control mixtures.

Conventional concretes are expected to possess good freeze-thaw durability and strength if they
contain acceptable air void system parameters. These include a void spacing factor of less than
0.200 mm and a specific surface greater than 23.6 mm™ (Kuhlmann and Foor 1984). However,
this is not the case for LMC mixtures. This can be seen in the results of a study by Clear and
Chollar (1978), where it was observed that even LMC mixtures that did not meet these air void
parameter requirements displayed superior performance in terms of resistance to scaling and
chloride ion penetration compared to control mixtures. This finding provides a clear indication
that the air void system in LMC is significantly different from that of conventional concrete
(Kuhlmann and Foor 1984). In addition, it is reported in Bordeleau et al. (1993) that the use of
latex normally entrains an air void system with a correct spacing factor. It was found that at
proper dosages of latex, the air void spacing factor in LMC does not need to be as small as that
of normal concrete for better performance (Bordeleau et al. 1993). It is believed that a latex
concentration of 15% of solid polymer (by weight of cement) is the optimum ratio, taking
performance versus cost for the chosen latex product into consideration.

2.4 LMC-VE

In recent years, the construction of overlays has become increasingly difficult because of an
enormous increase in traffic demands. Lanes cannot be closed for long periods because of the
consequential traffic congestion, especially on the Interstate highway system. To minimize
traffic delays, contractors often must work at night, when the ambient air temperatures are
generally lower than those during the day, which increases the needed curing time of the
concrete. Epoxy overlays are an alternative to time-consuming concrete overlay placement and,
when used for repair, can provide 10 to 25 years of protection against chloride intrusion.
However, they are very thin and follow the existing contours of the deck, and therefore they
might not always be the best choice to extend a bridge’s life, particularly when an overlay of
considerable thickness is needed or when significant patching is required. LMC-HE overlays
have been used successfully in scenarios where a lane can be closed for 1 to 2 days, such as over



a weekend. But in many situations, a bridge lane can only be closed for as little as 8 hours or
less, as is the case with a nighttime closure.

To provide a fast-track option for concrete bridge deck overlays, with special attention paid to
workability and strength gain, LMC-VE was developed (Choi and Yun 2014, Sprinkel 1999). As
of 2019, several states have used LMC-VE, as indicated in Figure 2.4.

IN,NC, PA,OH, AR, AL, WV, IL, MO, TX, SC, GA, MD, LA, KY + others

Steele et al. 2019
Figure 2.4. Use of LMC-VE in the United States

LMC-VE is produced by adding a very early strength hydraulic/portland cement to an LMC mix,
which allows bridges to be opened to traffic within hours of placement while maintaining the
benefits of LMC overlays (Choi and Yun 2014). For LMC-VE, the specified minimum
compressive strength (ASTM C39) of 2,500 psi is achieved in as little as 3 hours at an ambient
temperature range of 17°C to 24°C (62°F to 76°F). In contrast, conventional LMC overlays
require 2 to 3 days or more to achieve the required strength. Typical curing durations for
different LMC types are given in Table 2.2. Figure 2.5 shows the early strength benefits of
LMC-VE in comparison to LMC-HE and LMC.

Table 2.2. Typical curing durations for different LMC types

LMC Type Curing Duration and Type

Type | Cement LMC Mix 48 hours wet / 48 hours dry

Type Il Cement LMC Mix 24 hours wet / 24 hours dry
Rapid Setting LMC Mix 3 hours wet = 2,500 psi
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Figure 2.5. Strength development in LMC-VE, LMC-HE, and LMC

The very early strength of LMC-VE is attributed to a special blended cement that has high Al>O3
and SOz contents (Sprinkel 1999). For instance, the chemical compositions of cements utilized in
LMC-VE, LMC-HE, and LMC by VDOT (Sprinkel 1998) are given in Table 2.3. Particular
cements meeting the specific requirements are prescribed to be used for producing LMC-VE
mixtures. For example, the Missouri DOT’s Bridge Special Provisions calls for a Type HE high
early strength cement, in accordance with ASTM C 1157, to be used for LMC-VE. It is to be
noted that cements such as Type Il fast-setting cement, which is used for LMC-HE, are not
recommended for LMC-VE because the concrete does not set fast enough to reach the needed
strength in 6 hours and therefore does not facilitate overnight work, and the use of such a cement
has also been reported to result in higher shrinkage cracking. In addition, pozzolanic material or
portland pozzolan cements should not be used for LMC-VE (Wenzlick 2006).

Table 2.3. Chemical and physical properties of cements used for LMC-VE, LMC-HE, and
LMC

Chemical Composition LMC-VE LMC-HE LMC

Si0; (%) 14.55 20.82 213

AlLOs (%) 13.15 4.44 4.4
Fe,03 (%) 1.25 2.12 43

CaO (%) 42.33 62.33 63.7

MgO (%) 2.14 3.24 3.0

SO; (%) 14.96 4.40 2.7
Ignition loss (%) 1.99 0.90 0.5
Blaine fineness (kg/mq) 775 504 365
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2.4.1 Installation

Figure 2.6 shows examples of LMC-VE overlay construction on a weekend and overnight.

Overnight work,

AC in a single weeke;xd ¢ I-64 in Kentucky

(a) (b)
Theodore 11 et al. 2015

Figure 2.6. LMC-VE overlay construction (a) on a weekend (by VDOT) and (b) overnight
(by KYTC)

A typical weekend construction sequence for an LMC-VE overlay starts with the closure of a
lane at 9 p.m. By midnight of the first night, the concrete surface is removed by milling, and any
needed patch areas are removed with pneumatic hammers. The patching is completed by 2 a.m.,
and the lane opens to traffic at 5 a.m. Between 9 p.m. and midnight of the second night, the
surface is prepared by shot-blasting, and the deck is pre-wetted. During the placement of the
overlay, a fog spray that increases the relative humidity is used to prevent shrinkage cracking,
and the work is completed by 2 a.m. The lane opens to traffic at 5 a.m. The sequence is repeated
until all lanes are overlaid. A typical overnight schedule for an LMC-VE overlay placement is
shown in Table 2.4. Figure 2.7 and Figure 2.8 provide a pictorial representation of an LMC-VE
overlay installation sequence adapted from Theodore Il et al. (2015).

Table 2.4. Typical overnight installation schedule for LMC-VE

Time Task
7:00 p.m. Close traffic lanes
8:00 p.m. Milling operation
9:00 p.m. Hydro and cleanup
12:00 p.m. Prep of deck
2:00 a.m. Pour LMC-VE
3:00 a.m. Curing

6:00 a.m.  Cleanup and open to traffic

11



(b) Vertical perimeter of overlay work being sawed

(c) Hydrodemolition to remove distressed concrete (d) Vacuum truck cleaning concrete debris from the
deck after hydrodemolition

A W A i
(f ',h,,;’“‘? ’,.‘ g

(e) Chain dragging after hydro-blasting to inspect (f) Jackhammering to remove unsound or delaminated
remaining concrete for soundness and reveal locations  concrete detected by the chain drag method after hydro-
that require jackhammering blasting; resulting debris collected by vacuum truck

Theodore 1l et al. (2015)
Figure 2.7. Deck preparation prior to pouring LMC-VE

12



Ty P A -

(a) Bridge deck after hydro-blasting and vacuuming (b) Workers placing plastic seets on prepared deck to

showing patched concrete remaining above the upper  prevent contamination of the prepared surface prior to
mat of reinforcing steel overlay placement

(c) LMC being placed with Bidwell paving machine in (d) Worker tining LMC overlay to provide surface
the background texture. Note the wet burlap used to cover the overlay
during curing.

fen

L

(e) Finished bridge deck
Theodore 1l et al. (2015)

Figure 2.8. Placement of LMC-VE overlay on prepared deck surface
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2.4.2 Problems Associated with Installation

A major factor that affects the life of an overlay is the strength of its bond with the existing deck
concrete. Hence, the condition of the existing deck concrete plays an important role in providing
an adequate bond with the overlay and must be examined prior to the beginning of the overlay
work. Distresses, if present, need to be addressed. Figure 2.9a and Figure 2.9b show instances of
distresses that existed on two bridge decks in Kentucky before LMC-VE overlay work was
conducted by the Kentucky Transportation Cabinet (KYTC) (Theodore Il et al. 2015). The riding
surfaces of the decks exhibited extensive spalling and transverse cracking, with one deck
exhibiting exposed reinforcement steel on the surface.

(a) Portion of a deck surface showing spalling on the (b) Deck surface showing _exposed reinforcement steel
riding surface (marked with arrows) (marked with an arrow)

Theodore Il et al. 2015
Figure 2.9. Poor deck condition before placing the LMC-VE overlay

In bond strength tests, failures in the base concrete just below the bond interface typically
indicate damage caused by concrete removal operations such as the use of milling machines.
When failure occurs in the base concrete, the bond strength is not measured but can be
considered to be at least as high as the tensile strength of the base concrete (Sprinkel 1998). One
of the best options to prevent debonding failure is to use the hydrodemolition process for the
removal of deteriorated and unsound concrete. This process provides an excellent bonding
surface between the existing substrate and the LMC-VE overlay. Water jets are usually used for
hydrodemolition, and since high water pressure is applied to remove the deteriorated concrete,
hydrodemolition is a more efficient method than the use of jackhammers for removing
deteriorated concrete (Choi and Yun 2014). It is recommended that the substrate surface be
hydro-blasted to achieve a rough bonding surface any time an LMC-VE overlay is used, and the
overlay should be limited to a maximum thickness of 3 in. in order to avoid problems associated
with its bonding to the substrate (Wenzlick 2006). Additionally, a strict evaporation rate
specification should be included in the special provisions for the mix to facilitate finishing of the
concrete surface and avoid shrinkage cracking.
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During the milling process, the milling machine might cut the reinforcement steel of the bridge
deck. In such a scenario, the cut reinforcement steel needs to removed using equipment such as a
powered hand saw (Figure 2.10).

Theodore |1 et al. 2015

Figure 2.10. Reinforcing steel cut by the milling machine being removed by powered hand
saw

Another key issue that may be encountered due to hydrodemolition is the occurrence of a punch-
through, which must be fixed alongside the already ongoing overlaying work. One such incident
(Figure 2.11a) was observed by the KYTC as a result of hydro-blasting during LMC-VE overlay
work (Theodore Il et al. 2015). Efforts to remove unsound concrete using jackhammers (Figure
2.11b) further expanded the hole to a size of 3 x 5 ft. Extra reinforcing steel in the void area and
a plywood sheet at the bottom of the deck were placed to allow for casting of a partial deck
repair. USG Duracal, a patching compound with a 3,200 psi break strength and a two-hour cure
time, was used to fix the hole. The compound was poured to just below the upper reinforcing
steel level, as shown in Figure 2.11d.

15



(b) Repairing punch-through by jackhammering to
remove loose concrete

(c) Duracal patching compound being mixed to fix the
punch-through through

Theodore Il et al. 2015
Figure 2.11. Fixing a punch-through by KYTC

2.4.3 Mix Proportions and Acceptance Criteria

The mix proportions used and the acceptance criteria adopted for LMC-VE by a few DOTSs are
given in Table 2.5 and Table 2.6, respectively.
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Table 2.5. Mix proportions used by a few DOTSs

Quantity (Ib/yd®)

DOT Min. Cement (Type) FA CA Latex Water Max. wi/c
658 205
Virginia (CTS Cement 1600 1168 (includes 52% 137 0.40
Manufacturing Corp.) water)
658 206
Ohio . 1501 1170 Styron/Dow 154 0.42
(CTS Rapid Set) e N
Missouri 658 FA:CA=50-55: 50-45 24.5 (gallyd®) 158 (max) 0.40
Arkansas* - - - - - 0.40
Indiana 658 (rapid set) 1600 1300 208 155 0.42

* Proportions per bag of cement: 94 Ib cement, 3.5 gal latex admixture, 210 to 255 Ib natural sand, 168 to 208 Ib
coarse aggregate, and 8 to 22 Ib water

Table 2.6. Acceptance criteria adopted by a few DOTs

Property Virginia Missouri Arkansas Indiana
Slump (in.) 4-6 3-6 6-9 7-10
Air (%) 3-7 0-6.5 3-8 0-7
Laboratory CS at 2 hours (psi) >2500 - - -
. . > 3000 >2500
Field CS at traf (psi) > 2500 > 3200 (at 6 hours) (at 3 hours)
Laboratory CS at 1 day (psi) >3500 - >3500

Laboratory CS at 28 days (psi) >3500 - 4000 -
No specified

Pull-off strength at 28 days (psi) - requirement ) ]

CS = Compressive strength
2.4.4 Limitations

LMC-VE might exhibit very high heat of hydration at an early age because of its inherent rapid
hardening and very large binder quantity, and it could be susceptible to autogenous shrinkage
because of its relatively low w/c ratio (Choi and Yun 2014, Yun et al. 2007). Rapid hydration at
an early age can cause cracking and decrease durability. The high temperature caused by rapid
hydration can also induce thermal cracking, and the factors associated with early-age shrinkage,
including autogenous shrinkage, can result in shrinkage cracking. Thus, the possibility of early-
age cracking can be greater for LMC-VE than for ordinary portland cement (OPC) concrete
(Choi and Yun 2014). Studies have indicated that the autogenous shrinkage of LMC-VE
increases with an increase in latex-solid content, and the pattern appears to follow a logarithmic
increase (Choi and Yun 2014, Yun et al. 2007). It is expected that the influence of this
autogenous shrinkage on early-age deformation can be significant.

Various types of cracking have been observed in LMC-VE overlays by previous researchers
(Choi and Yun 2014):
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1. Transverse cracking: Transverse cracking is typically due to high shrinkage, high heat of
hydration, and inadequate curing at an early age. Transverse cracking due to concrete
material and construction issues can typically be visible seven days after concrete placement.
Longitudinal cracking: Longitudinal cracking is rarely observed in LMC-VE overlays.

3. Map cracking: General causes for map cracking are known to be shrinkage cracking, alkali—
silica reaction, and freeze-thaw reaction. Map cracking in LMC-VE is most likely caused by
early-age shrinkage and propagates within 15 days (Yun and Choi 2014). Map cracking may
also occur due to debonding failure between the overlaid concrete and the existing substrate,
and since it is related to serious deterioration in the substrate, it is not easy to prevent by
improving the material properties of the LMC-VE.

N

Debonding can occur due to a large overlay thickness, the stresses between the overlay and the
original substrate as a result of differential expansion and contraction, and a relatively smooth
substrate surface texture left by the milling operation (Wenzlick 2006). Hence, LMC-VE bridge
deck overlays should be kept to a maximum thickness of 3 in. In addition, hydro-blasting
following milling is critical for creating a more irregular surface for better bonding between the
overlay and the concrete substrate.

The costs of LMC-VE bridge deck overlays are 25% to 53% higher than those of conventional
concrete bridge deck overlays, which restricts their usage.

2.4.5 Advantages

LMC-VE overlays provide a reliable driving surface and reduce user delays. The use of LMC-
VE overlays for bridge deck repair can help avoid long lane closures in very high traffic areas
(Wenzlick 2006). These overlays are intended to be ready for traffic within 3 to 6 hours of
placement. On projects with complicated construction staging because of multiple lanes of heavy
traffic, the fast-setting characteristics of LMC-VE overlays can accelerate the time between
stages. Additional time can be saved if the decks do not require extensive repair and can use
hydro-blasting (Wenzlick 2006). These time savings can offset the increased construction costs
for LMC-VE overlays.

In terms of durability, LMC-VE incorporates all of the properties of conventional LMC but also
performs relatively better. According to Sprinkel (1999, 2005), chloride permeability tests
(AASHTO T 277) have shown that LMC-VE is significantly less permeable to chloride ions than
LMC and therefore could be more durable. At 28 days, the permeability of conventional LMC
overlays was determined to be low while that of LMC-VE overlays was determined to be low to
very low. After 1 year, the permeability of LMC overlays was low while that of LMC-VE
overlays was very low. In an evaluation of the first LMC-VE overlay in Virginia after 9 years of
service, Sprinkel (1999) found that the bond strength was adequately high and the chloride
permeability was still negligible, indicating long-term protection (Sprinkel 1999). Like other
concrete overlays, LMC-VE overlays achieve high bond strengths with the appropriate selection
and use of surface preparation equipment and procedures, mixture proportions, and placement
and curing procedures. Compared to conventional LMC overlays, LMC-VE overlays are less
prone to cracking because they undergo less shrinkage and therefore can be more durable. More
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importantly, LMC-VE overlays cost about 75% of what conventional LMC overlays cost
(Sprinkel 1999).

Similar to the life-cycle cost of LMC, which has a higher initial production cost, the life-cycle
cost of LMC-VE should be compared to the sum of the initial production cost of conventional
concrete plus the cost of the expected repair works during the service life of the structure,
especially for structures exposed to severe/aggressive environments (Shaker et al. 1997).
Moreover, the biggest advantage of LMC-VE is that it develops a compressive strength over 21
MPa within 3 hours after placement, thus shortening traffic closure times. Therefore, LMC-VE
has the advantage of minimizing user costs due to traffic disruptions (Choi and Yun 2014).

Another cost consideration is that LMC-VE overlays cost about 75% of what conventional LMC
overlays cost (Sprinkel 1999). The special cement required for LMC-VE overlays, however,
costs four times as much as the Type | and 1l cements used for conventional LMC overlays.
Although this adds approximately $90 per cubic yard of concrete, the costs are more than offset
by the large savings in the cost of traffic control and the time savings accrued through the use of
LMC-VE. It is expected that DOTSs that spend $5 million per year on deck rehabilitation can save
up to $1.25 million per year by using LMC-VE overlays. LMC-VE (and LMC-HE) overlays can
be placed for approximately 25% less than conventional LMC overlays. One example of a cost
comparison that considered different overlay installations in Virginia (Sprinkel 1998) is
summarized in Table 2.7. The table shows that LMC-VE overlays are cost-effective, considering
both the reduction in the cost of overlay construction and the minimized inconvenience to
motorists (Sprinkel 1998).

Table 2.7. Cost of different overlays ($/yd?)
Epoxy LMC LMC-VE LMC-HE

Treatment 24 61 65 61
Miscellaneous 0 23 23 23
Traffic 8 46 8 8
Total 32 130 96 92
Life (years) 15 30 30 30
Life cycle 47 130 96 92
% Control 36 100 74 71

Source: Sprinkel 1998
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3. DOCUMENTATION OF FIELD OVERLAY CONSTRUCTION
3.1 Project Overview

The 1A 15 bridge over Black Cat Creek, 6.4 miles south of IA 9 in Emmet County, lowa, was
selected for the first trial placement of an LMC-VE bridge deck overlay in lowa. The bridge
(Bridge 1D 3248.5S015) was built in 1991 and has a single span 93 ft in length and 40 ft in
width. It is a two-way traffic bridge, with an average daily traffic of 1,030, with 14% truck
traffic. Figure 3.1 shows the location of the bridge.

Gruver = Maple Hill Armstrong

IA 15 over
Black Cat
Creek Bridge

Emmetsburg - (18

. 7 s bty U
| _‘ Alaona
| . 00 thap data @2017 Google

https://data.democratandchronicle.com/bridge/iowa/emmet/ia-15-black-cat-creek/19-000000000024351/

Figure 3.1. Bridge location

The 1A 15 bridge over Black Cat Creek consists of prestressed concrete beams with galvanized
steel intermediate diaphragms and a cast-in-place concrete deck. Both abutments are integral
concrete and are supported on steel H-piling. The most recent repair of this bridge occurred on
October 8, 2013, according to an lowa DOT report of a routine inspection conducted on July 3,
2017. Figure 3.2 shows an overview of the bridge, and Figure 3.3 presents the deck profile and
the layout of the bridge.
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(a) Old deck surface (b) Side profile of the bridgé
lowa DOT inspection report, July 3, 2017

Figure 3.2. Overview of the bridge
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(a) Cross section of the bridge deck
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(b) Bridge layout and dimensions

lowa DOT inspection report, July 3, 2017
Figure 3.3. Deck cross section and bridge layout

As mentioned in Chapter 1, the main tasks of the present research project were to document the
construction procedure and monitor the long-term performance of the LMC-VE overlay on the
IA 15 bridge over Black Cat Creek. Table 3.1 shows a timeline of the related activities.
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Table 3.1. Major activities documented during LMC-VE overlay construction and performance monitoring

Project Timeline Year Date Major Activities Notes
Deck inspection before LMC-
8/26/2019 VE construction Cracks and patches were mapped and photographed.
8/26/2019  Deck milling Complete milling operation was observed and
. documented. Photographs and videos were captured.
Pre-construction 2019 — -
Stage (Start Year) N Hydrqdemolltlon_ operation was documented. Photographs
8/28/2019  Hydrodemolition and videos of activities were captured. Aggregate exposed
post hydrodemolition was measured.
9/5/2019  Sand-blasting and pre-wetting The operation was documented. Photographs and videos
were captured.
Complete overlay pouring and casting operations were
documented. Photographs and videos were captured.
Setting time was measured on site. Specimens to
First half of LMC-VE overlay determine mechanical strength (compressive, flexural, and
9/5/2019 installation bond strength) and durability performance (SR, salt
(Starting at 10:45 p.m.) ponding, sorptivity, freeze-thaw, shrinkage) were cast.
Initial shrinkage measurements were taken, and all
Construction St 2019 specimens were transferred to ISU’s PCC Lab (except 3
onstruction Stage (Start Year) cylinders that were field cured for 3 days).
Wet burlap removal
9/5/2019 (Four hours after first cast) Photographs were captured.
Second half of LMC-VE - .
9/6/2019  overlay installation Ir;]s(;[?(l)lar't;o?]saggdrilgsgsprocedures were documented via
(Starting at 4 a.m.) photograp '
9/6/2019 Wet burlap removal Photographs were captured.

(Four hours after second cast)
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Project Timeline Year Date Major Activities Notes
Field monitoring Trip 1 Surface resistivity, friction index, and pull-off tests were
9/10/2019 (Age: 4 days) performed. The pull-off tests’ broken cores were brought
2019 ' to the laboratory for sorptivity tests.
(Start Year) _ o _ A_cr_ack_survey (mapped and photographed) and SR,
11/04/2019 Field monitoring Trip 2 friction index, and pull-off tests were conducted. The pull-
(Fall trip, age: 60 days) off tests’ broken cores were brought to the laboratory for
sorptivity tests.
A crack survey (mapped and photographed) and SR,
05/20/2020 Fielq mon_itoring Trip 3 friction index, and pull-off tests were conducted. The pull-
2020 (Spring trip, age: 8.5 months)  off te_st_s’ broken cores were brought to the laboratory for
(Year 1) sorptivity tests.
Field monitoring Trip 4 A crack and deterioration survey (mapped and
. 11/02/2020 . _ photographed) and SR, friction index, and pull-off tests
Post-construction (Fall trip, age: 14 months) were conducted
. Stagt_a . . . A crack and detérioration survey (mapped and
(Field '_I'es‘gmg and 05/12/2021 F|elq momtormq Trip 5 photographed) and SR, friction index, and pull-off tests
Monitoring of 2021 (Spring trip, age: 20 months) were conducted.
Sf_:_c;rrtr;qacn)iilel_r:)ar;g— (Year 2) Field monitoring Trip 6 A crack and deterioration survey (mapped and
Perf 11/08/2021 - , photographed) and SR, friction index, and pull-off tests
erformance) (Fall trip, age: 26 months) were conducted
. oo . A crack and deterioration survey (mapped and
05/19/2022 (Féglgnrg?pigoggg gg%Z)nths) photographed) and SR, friction index, and pull-off tests
2022 e were conducted.
(YYear 3) . oo . A crack and deterioration survey (mapped and
10/28/2022 Field monltor.mg Trip 8 photographed) and SR, friction index, and pull-off tests
(Fall trip, age: 38 months) were conducted
. . . A crack and deterioration survey (mapped and
05/23/2023 (Fs'e'gnm‘:pi'tog”eq ZZ'En?)mhs) photographed) and SR, friction index, and pull-off tests
2023 pring trip. age: were conducted.
(YYear 4) Field monitoring Trip 10 A crack and deterioration survey (mapped and
11/06/2023  (Fall trip, age: 50 months) photographed) and SR, friction index, and pull-off tests

(Last Field Trip)

were conducted.
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3.2 Deck Inspection Prior to LMC-VE Placement

Prior to construction (on August 26, 2019), the existing bridge surface was visually inspected for
the presence of cracks, scaling, spalling, and other signs of damage. The locations of any prior
patching were mapped and photographed. The information would later serve as a reference for
the long-term performance monitoring of the installed LMC-VE overlay.

As shown in Figure 3.4, several patches and several fine cracks were observed on the deck, but
there were few/no large cracks or instances of severe joint deterioration, scaling, or spalling. The
shaded areas in the figure indicate the partial-depth repair areas required for the present project.
Figure 3.5a shows patch locations, and Figure 3.5b presents some cracks found on the surfaces of
the patches.

e

: 7/

(a) Patches (b) Typical cracks

Figure 3.5. Patch locations and cracks on bridge deck surface
3.3 Preparation for Overlay Installation

Preparation for installation of the LMC-VE overlay consisted of (1) milling of the existing deck
surface, (2) hydrodemolition, and (3) sand-blasting, which were mainly used to improve the bond
between the new overlay and the substrate concrete.

24



3.3.1 Milling

Figure 3.6a shows an overview of the milling process. The surface of the deck was milled, and
the resulting debris was placed in a dump truck. Any remaining debris was cleared by a skid
steer loader that followed the milling machine. Figure 3.6b shows a comparison between the
milled and the unmilled surfaces of the deck. The corners and edges were milled using a micro
miller, as shown in Figure 3.6¢. Figure 3.6d shows the final deck surface after the milling
operation was completed. The entire milling procedure was completed over a duration of 2 hours
on August 26, 2019.

B o

(c) Micro milling at the edges (d) Deck surface after completion of milling

Figure 3.6. Sequence of milling operation
3.3.2 Hydrodemolition

Hydrodemolition was conducted to remove all unsound concrete from the milled surface. It was
performed by CLC Hydro Services from August 28 to September 2, 2019. Figure 3.7a shows an
overview of the operation. The hydro pressure used was 14,700 psi, above that required for
typical overlay demolition work, which is 13,000 psi. The hydrodemolition speed was controlled
by the rate of water that was used, which was 25 gallons per minute, lower than the required rate
of 55 gallons per minute. The debris created by the process was collected by a skid steer loader,
as shown in Figure 3.7a. Any remaining loose particles were then removed by manual power
washing. This washing exposed the epoxy-coated reinforcement bars, as shown in Figure 3.7b.
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Fall (November)

Field Trips Spring (May) Field Trips

\ "

" .

(a) Trip 2 (overlay age of 2 months) (b) Trip 3 (overlay age of 8.5 months)

(d) Trip 5 (overlay age of 20 months)

/s

' (e) Trip 6 (overlay age of 26 months) | (f) Trip 7 (overlay age of 32 months)

(9) Trip 8 (overlay age of 38 months) (h) Trip 9 (overlay age of 44 months)

Figure 5.11. Comparison of overlay deck surface at different ages (up to 44 months)
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* PA- Partially abraded region (grooves completely abraded).

* SS- Slightly spalled region (low volume of material spalled),

« LS-Largely spalled region (larger volume of material spalled)
* RP- Repair Patchwork region

Blue colored markers indicate
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Figure 5.12. Deteriorations observed at an overlay age of 50 months (during Trip 10)

The crack survey sketches in Figure 5.9 and Figure 5.10 indicate the occurrence of mostly
transverse cracks, cracks that are perpendicular to the bridge abutments, and diagonal cracking at
corner areas. However, there is no evidence of longitudinal cracking. The observed cracking
pattern on the overlay surface could possibly be a result of a combination of factors, such as
early-age shrinkage, thermal-based reflective cracks from the substrate, and structural factors
(such as early loading and bridge skew angle). Generally, it is difficult to conclusively point to a
single factor that causes the cracks observed in any structure such as a concrete deck or an
overlay surface, as highlighted by Phares and Harrington (2016). Previous literature has reported
that LMC-VE is susceptible to early-age shrinkage cracking as a result of high autogenous and
thermal shrinkage (Yun et al. 2007). Although the laboratory investigation showed that the
shrinkage behavior of LMC-VE was similar to that of conventional pavement concrete (Figure
4.22), the early opening of the overlay to traffic might have increased the likelihood of shrinkage
cracks because the concrete continues to shrink after exposure to traffic loads. When such
volumetric changes occur in an LMC-VE overlay that is placed on substrate concrete, the
substrate concrete could act as a restraint, resulting in cracking of the overlay (Yun and Choi
2014). Such cracks could be visible even in a short period of time (a few weeks). Diagonal
cracking observed only at the corners could be a result of the bridge skew angle because such
cracking is most commonly observed in bridges with skew, as reported in Fu et al. (2007).

For skewed bridges with integral abutments and steel H-piles, lowa bridge design practice
approaches the orientation of the steel H-piles differently for bridges based upon the degree of
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bridge skew. For bridges with a skew of 30 degrees or less, the steel H-piles are oriented with the
weak axis parallel to the centerline of the abutment. For bridges with a skew greater than 30
degrees, the H-piles are oriented with the strong axis perpendicular to the abutment centerline.
Considering this, when deck cracking perpendicular to the abutments is observed, it could be
questioned whether the cracking is because of the steel H-pile orientation. Even if the original
steel H-pile orientation was correct, the question would then be whether the steel H-piles had
been installed correctly. If the steel H-piles were not correctly oriented for integral abutment
designs, their orientation may resist the thermal expansion/contraction of the bridge, resulting in
cracks perpendicular to the centerline of the abutments.

The cracking observed in the overlay could also be reflective cracking from the original deck
surface. Bridge decks that are to be rehabilitated with a bridge deck overlay may have existing
deck cracking (typically transverse deck cracking). At the point in a bridge deck’s life cycle
when a deck overlay is needed, the bridge deck has achieved its ultimate strength and maximum
shrinkage. When a new deck overlay is placed and well bonded to the existing deck substrate (as
was done for the LMC-VE overlay in the present case), any movement in the overlay will be
restrained by the existing bridge deck substrate. If there are cracks in the existing bridge deck
substrate, they will tend to propagate through the new bridge deck overlay during bridge
expansion/contraction due to the bond between the new deck overlay and the existing bridge
substrate. However, bridge inspection documentation prior to installation of the LMC-VE
overlay showed minimal cracking, though a fair amount of deck patching and delamination was
noted. Therefore, it is inferred that some cracks in the LMC-VE overlay might be reflective
cracks, but most cracks observed in the LMC-VE overlay are likely not. Table 5.2 lists other
possible reasons for the identified cracks on the LMC-VE overlay’s surface.

Table 5.2. Summary of possible reasons for identified cracks on the overlay surface

Type of Observed Cracking Possible Causes
Transverse cracks Early-age thermal and drying shrinkage of concrete
Cracks perpendicular to abutments Bridge skew angle
Corner cracks Bridge skew angle
Cracks perpendicular to grooves Bridge skew angle

5.2.2 Friction Index

The friction properties of the overlay were measured using a British Pendulum Tester to obtain
BPN values. BPN values were measured at the same three locations on the bridge deck during
each field visit. At each location, measurements were made parallel and perpendicular to the
grooves in the overlay surface when the surface was dry and wet. Figure 5.13 indicates the BPN
values at different ages. Each data point in the figure represents an average of four BPN
readings. Since grooves had not yet been made at an early age of 4 days, the measurements taken
during the first field visit were made at each test location in only one direction on a wet overlay
surface. Once grooves were made on the overlay surface (after 4 days and before 60 days), the
BPN values increased at all test locations in general, as predicted (the only exception being
parallel-wet measurements at location #3).
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(c) BPN values at location #3

Figure 5.13. BPN values at different overlay ages

The figure shows that at each test location in a particular direction (parallel or perpendicular to
the grooves), the BPN measurements made on a water-sprayed surface (i.e., wet surface) were
lower than the corresponding measurements made on a dry surface, as expected. Additionally, in
a particular moisture state (wet or dry), the measurements made perpendicular to the grooves
were higher than the corresponding measurements made parallel to the grooves, also as expected.
Overall, though a slight reduction in the average BPN values is evident at each test location from
4 days to 50 months, all BPN values at 50 months are still greater than 55, which is typically the

minimum specified BPN value for safe traffic usage.

5.2.3 Surface Resistivity

Surface resistivity in the field was measured on the moist (water-sprayed) overlay surface using a
four-point Wenner probe, as mentioned previously. This procedure was used from Trip 1 through
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Trip 3. During Trip 2 and Trip 4, however, using the same testing procedure resulted in unstable
SR readings (highly fluctuating). Thus, during Trip 4 an attempt was made to use a saturated/wet
cloth in between the instrument probes and the wet overlay surface, as shown in Figure 5.4b, to
obtain stable SR readings. To obtain better contact between the probes and the overlay surface, a
cloth thickness of four layers was used during the field SR measurements. It was observed that
the use of the wet cloth provided not only stable SR measurements but also field measurements
that were repeatable.

Since a wet cloth, being a saturated medium, could have a certain conductivity and associated
resistivity, changes in the SR readings due to the use of the wet cloth had to be analyzed. To
determine the effects of the wet cloth, numerous SR measurements were made on water-soaked
standard cylinder specimens (the same cylinders used for laboratory SR measurements) using
different cloth thicknesses (0 to 8 layers of wet cloth) in the laboratory. The SR measurements
obtained using different numbers of cloth layers are shown in Figure 5.14a. The figure shows
that measurements made following the conventional procedure (without using cloth) resulted in
an SR value of 110.29 kQ-cm at a specimen age of 440 days, whereas measurements made using
any number of cloth layers resulted in SR values less than 110.29 kQ-cm. With an increasing
number of cloth layers (i.e., from 2 layers to 8 layers), the SR values decreased exponentially,
and the curve started to flatten after 6 layers. This indicated that at higher numbers of cloth layers
(i.e., 6 or 8 layers and higher), the Wenner probe started to indicate SR values corresponding
only to those of the wet cloth. The percentage reduction in SR due to the use of different
numbers of cloth layers is shown in Figure 5.14b. It can be observed that use of four cloth layers
resulted in a 58% reduction in SR values compared to the SR values measured without cloth (i.e.,
0 layers). Consequently, this correction for a 58% reduction in SR values was applied to the field
SR values measured at 50 months using 4 cloth layers. Figure 5.14c shows the measured field SR
values at 50 months, and Figure 5.14d shows the corresponding field SR values after applying
the correction.
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Figure 5.14. Correction to SR for using cloth layers in field measurements

Figure 5.15a—c shows the development of SR with an increase in the age of the LMC-VE overlay
at three measured locations, i.e., near the longitudinal construction joint, on the left shoulder, and
on the right shoulder, respectively. Overall, it can be observed that at all three locations, the SR
values increased as the overlay age increased, as expected. At an overlay age of 4 days, the SR
values at the three locations were all different and were in the range of 16.75 to 39 kQ-cm. At the
age of 2 months (60 days), it can be observed that at two out of the three measured locations (i.e.,
on the left and right shoulders), the SR values fluctuated to a greater extent, as indicated in
Figure 5.15b and Figure 5.15c. Though stable readings could be obtained near the centerline, the
variation in SR values measured at this location was larger, as indicated by the error bar. The
variation could possibly be due to improper contact of the electrodes with the overlay surface.
The season (fall or spring) could also have had a significant effect on the SR values because SR
fluctuations were specifically observed during the late fall (November) field trips and were not
observed during the spring field trips.
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Figure 5.15. Measured SR values at different locations on the deck surface

Later-age SR measurements at 8.5 months, 26 months, and 32 months indicated consistently
higher SR values on both the right and left shoulders compared to those near the centerline. The
lower SR values near the centerline could possibly be due to the presence of deck reinforcement
bars underneath the measurement location. However, this was not clearly observed at 4 days
because the SR values on the left shoulder were marginally lower than those near the centerline.
When SR measurements made in same season are compared separately (to avoid complexity due
to seasonal variations), a consistently increasing trend is evident in the SR values until an overlay
age of 26 months. The SR values decreased slightly at all three locations at 50 months, indicating
a slight reduction in the permeability resistance of the overlay material.

5.2.4 Pull-Off Strength

Figure 5.16 shows typical failure modes according to ASTM C1583. A summary of all of the
field pull-off strength test results along with the failure modes (observed from the images of the
failed cores) are given in Figure 5.17a—j and Table 5.3. Three tests were conducted during each
field trip, and hence a total of 30 pull-off tests were conducted in 10 trips.

Failure Modes

Mode a: Mode b: Mode c: Mode d:
Failure in substratd Bond failure at | Failure in repair | Bond failure at
substrate/repair material epoxy/repair
material interface material

g

% Z o
s AP 77,

% 7, 77 4
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o
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Mode A | Mode B ode C |

PP Tarw e L

Figure 5.16. Typical ASTM C1583 failure modes observed in pull-off tests
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Figure 5.17. Comparison of pull-off test failure modes at different overlay ages (with bond
failures highlighted in red dashed lines)

Table 5.3. Summary of field pull-off strength test results

Failure Mode and Individual Strength Values (psi)

Test Date (Age) Failure in Substrate  Failure at Interface  Failure in Overlay

Nov 06, 2023 (50 months) 189, 284, 259
May 23, 2023 (44 months) 218, 280, 205 - -

Oct 28, 2022 (38 months) 299, 223, 232 - -
May 19, 2022 (32 months) 180, 211, 228 - -
Nov 08, 2021 (26 months) 137, 227, 374 - -
May 12, 2021 (20 months) 172, 238, 290 - -
Nov 02, 2020 (14 months) 103 262 235
May 20, 2020 (8.5 months) 134 267, 321 -

Nov 04, 2019 (2 months) 344, 435 256 -

Sept 10, 2019* (4 days) - - 231, 267, 293

* All field tests at 4 days failed in the overlay because the coring done prior to the pull-off testing was only 3 in.
deep, and hence the interface was not even encountered in the testing zone.

The following observations were made based on the field test results:

1. Cores that failed at the bond/interface at all ages indicated an LMC-VE-substrate bond
strength greater than 250 psi (with the lowest strength being 256 psi). Thus, the LMC-VE-
substrate bond strength could be classified as “very good” and adequate based on previous
studies (Sprinkel 2000, Dahlberg and Phares 2016).

2. Overall, core specimens failed in the overlay LMC-VE at a very early age (4 days). As the
age of the overlay increased (from 2 to 14 months), the failures of some core specimens
appeared at the LMC-VE overlay and substrate interface, indicating that the interface was the
weakest region as LMC-VE gained strength.

3. After 14 months, not only did the LMC-VE become stronger, the LMC-VE-substrate bond
gained more strength. However, the strength of the substrate stabilized, and therefore most
core specimens failed in the substrate.

4. There was greater variation in the substrate strength values, which ranged from 103 to 436
psi. The actual reason for the lower strength values (e.g., 103 psi) is unknown at this time. A
possible reason could be damage to the substrate concrete caused by the milling operation
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prior to overlay placement (Sprinkel 2000). The low substrate strength values might also
indicate the differing quality of the substrate concrete in different locations.

It should be noted that, as seen in Table 5.3, there is a general trend that the core specimens
failed in LMC-VE at a very early age (4 days). As the overlay age increased (from 2 to 14
months), most core failures occurred at the LMC-VE overlay and substrate interface. After 14
months, all core specimens tested failed at the substrate, indicating the growth of the bond
strength between the LMC-VE overlay and substrate.

5.3 Chapter Summary

The following is a summary of observations made from the field trips conducted from 4 days to
50 months:

e A number of cracks ranging in width from 0.01 to 0.16 in. were observed on the overlay
surface. The cracks grew larger and more numerous over time. However, the appearance of
newer cracks considerably decreased after approximately 20 months. In a few small areas,
some spalling and abrasion were also observed on the deck surface. The cracking could
possibly be due to a combination of various factors, such as early-age shrinkage, thermal-
based reflective cracks from the substrate, and structural factors (such as loading and bridge
skew angle).

e A very slight reduction in the average BPN values was observed over time. However, even
the BPN values measured during the final field visit were still observed to be greater than 55,
a BPN value that is deemed necessary for ensuring traffic safety.

e A general tendency for the SR values to increase with an increase in the overlay age was
observed when the fall and spring field SR measurements were considered separately, up to
an overlay age of 26 months. The measurements obtained after 26 months showed a slight
decrease in the average SR values, possibly indicating a marginal deterioration in the
permeability resistance of the overlay material.

e The field pull-off test results showed a general trend indicating that the LMC-VE-substrate
bond failure mode changed with time. At a very early age (4 days), the failure occurred in the
overlay LMC-VE. As the overlay age increased (from 2 to 14 months), most core failures
occurred at the LMC-VE overlay and substrate interface. After that time (from 14 to 50
months), all core specimens tested failed at the substrate, indicating the growth of the bond
strength between the LMC-VE overlay and substrate.

e Although exhibiting large variation, the strengths of most specimens at failure were greater
than 250 psi, indicating that the LMC-VE-substrate bond strengths were higher than 250 psi,
which could be classified as “very good” and adequate.

e At later ages (over 2.5 years), regions of surface degradation, such as spalling and abrasion,
were noticed. These areas grew with time, and toward the end of the project (50 months)
small areas of abrasion had spread around the deck.
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6. LIFE-CYCLE COST ANALYSIS

LCCA is an economic analysis technique used to evaluate and compare various investment
options based on their long-term economic efficiency (ACPA 2012). This technique has been
widely applied for pavement design and preservation/rehabilitation (Wang and Wang 2019,
Zhang et al. 2008, Babashamsi et al. 2016). In line with this, LCCA was employed in this study
to analyze and compare the life-cycle cost of an LMC-VE overlay with those of various overlay
alternatives. The analysis and results are presented in this chapter.

6.1 LCCA Approach

There are different approaches to performing an LCCA. This study adopted the approach
recommended by the American Concrete Paving Association (ACPA) for conducting an LCCA
of overlay alternatives. The steps are shown in Figure 6.1 and explained in more detail below:

1. Select analysis period. The analysis period is the number of years over which the
alternatives are compared. For overlays, an analysis period of 30 years is generally selected.

2. Select discount rate. The discount rate accounts for fluctuations in both the investment
interest rate and the rate of inflation. Based on input from the project’s technical advisory
committee (TAC) and the data available from the United States Office of Management and
Budget, a discount rate of 3% was used in this study.

3. Estimate initial agency costs. Initial agency costs can be estimated by including the cost of
subgrade preparation, material, equipment, and labor. In this study, pavement overlay
alternatives were analyzed, and for simplicity the cost of construction (per square yard of
overlay) was estimated as the initial agency cost. More details on the estimated cost for each
overlay type evaluated in this study can be found in Table 6.3.

4. Estimate user costs. User costs are the costs that are incurred by users of the roadway over
the analysis period. The costs associated with work zone, detours, vehicle operations,
accidents, and delays due to capacity issues come under the purview of user costs.

5. Estimate future agency costs. Future agency costs are estimated by considering the cost and
timing of maintenance and operation and preservation/rehabilitation.

6. Estimate residual value. The salvage value, if any, is estimated as the residual value. As per
suggestions from the TAC, overlays were considered to have no residual value in this study.

7. Compare alternatives. The alternatives are compared based on a standard measure of
economic value, such as net present value (NPV).

1. Select 2. Select 3. Estimate 4. Estimat 5. Estimate 6. Estimate c Determine
analysis [ discount [ initial agency | o 'm: TB - future agency 1P| residual = 7|’ ompare |y past value
period rate cost (A) user cost (B) cost (V) value alternatives Alternative

Figure 6.1. Steps involved in an LCCA of overlay alternatives

As described above, the alternatives in an LCCA are compared based on a standard economic
indicator. The NPV and the equivalent uniform annual cost (EUAC) are the two commonly used
indicators for this purpose. NPV is calculated as given in equation (1) to discount the future
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agency cost to the present. EUAC provides an equivalent series of annual cash flows of uniform
value over every year of the analysis period. The formula for EUAC is given in equation (2).

_ . N 1 1
NPV = Initial cons.cost + Y-, Future cost, [m] — Salvage value [(1+i)ne] (1)
1(1+)"
EUAC = NPV [ =520 T | 2

where N = number of future costs incurred over the analysis period, i = discount rate, ng =
number of years from initial construction to the k™ expenditure, and ne = analysis period.

6.2 Overlay Alternatives

In this study, five pavement overlay alternatives belonging to two broad categories (polymer
concrete and normal and high-performance concrete) were considered for the LCCA. The details
of the alternatives are presented in Table 6.1. LMC-VE, LMC, PPC, PCC, and HPC overlays
were evaluated. Low-slump PCC and HPC are the most commonly used overlays in lowa, while
the others have been used in only a limited number of projects. The LMC-VE overlay evaluated
in this study was the first of its kind in lowa, and hence minimal field data were available.
Therefore, wherever necessary, the data from the literature have been used for the analysis.

Table 6.1. Pavement overlay alternatives analyzed in this study

Overlay
Category Alternatives Details of a Typical Mixture
LMC-VE Made of special rapid-set cement; gains structural strength
in 1.5 hours
Polymer Made of conventional Type I/1l cement; takes 72 hours to
LMC X
Concrete gain structural strength
PPC Contains polyester resin binder; gains structural strength in
4 hours (similar to LMC-VE)
Normal and lowa DOT Clasts O concrete _mix; rgqui_res a minimum o_f 3
High- Low-Slump PCC days of_ wet curing (burlap with sprinkling) before opening
Performance to traffic — -
Concrete HPC lowa DOT Class HPC-O concrete mix; requires a

minimum of 3 days of wet curing before opening to traffic

6.3 Analysis and Results

The LCCA of the overlay alternatives in this study was performed using the RealCost 2.5
computer program developed by the FHWA. The program required common project-level inputs
to be entered for all five alternatives. As shown in Table 6.2, the common inputs included
analysis period, discount rate, and traffic-related data. Along with the fixed values, some inputs
contained a distribution of values for deterministic analysis. For example, the discount rate was
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assumed to be normally distributed with a mean and standard deviation of 3% and 1.5%,
respectively. The corresponding input is denoted as LCCANORMAL(3, 1.5) in Table 6.2.

Table 6.2. Common project-level inputs for the LCCA

Type Input Value
Analysis Period (Years) 40
Analysis | Beginning of Analysis Period 2019
Options . 3.0
i Discount Rate (%) L CCANORMAL (3,1.5)
Annual Average Daily Traffic Construction Year (total for 900
both directions)
Cars as Percentage of AADT (%) 81.0
Single Unit Trucks as Percentage of AADT (%) 6.0
Combination Trucks as Percentage of AADT (%) 13.0
Annual Growth Rate of Traffic (%) LCCAN OzéoM AL(2,1)
Tlrjzf;f;c Speed Limit Under Normal Operating Conditions (mph) 55
No of Lanes in Each Direction During Normal Conditions 1
. 2,000
Free Flow Capacity (vphpl) L CCANORMAL (2000,500)
Rural or Urban Hourly Traffic Distribution Rural
. . 1,000
Queue Dissipation Capacity (vphpl) L CCANORMAL (1000,200)
Maximum AADT (total for both directions) 1,100

Table 6.3 presents the inputs used for different overlay alternatives. The service life, initial
construction cost, maintenance activities and associated costs, and traffic control cost
corresponding to each alternative are shown. The data were gathered from the lowa DOT and the
literature. As advised by the TAC, each of the three polymer overlay alternatives was assumed to
last through its designed service life without requiring any epoxy injection and repair, whereas
the PCC and HPC overlay alternatives were assumed to require epoxy injection and partial-depth
repair at 20 and 25 years of service life. The traffic control cost was obtained from Sprinkel
(1999). All project-level and alternative-level data entered into RealCost are also presented in
Appendix C.

With the user-entered inputs, RealCost performs the following two types of analysis:

1. Deterministic analysis. Considering a single defined value for each activity, the
undiscounted sum, NPV, and EUAC are calculated, furnishing a single value for each of
these economic parameters.

2. Probabilistic analysis. The inputs are associated with some inherent variability that is not
accounted for in deterministic analysis. Considering the variability of each input,
probabilistic analysis is performed to generate a probability distribution for the calculated
life-cycle cost.
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Table 6.3. LCCA inputs used for overlay alternatives

traffic control, longitudinal grooving or
mobilization.

service life

Service Initial Construction Cost Planned Maintenance/ Traffic
Life Maintenance/ Repair Cost Control
Alternative | Overlay | (Years) | $/yd? Details Repair Activity ($1yd? Cost* ($/yd?)
Cost is from project bid in November
2018. It includes milling 0.25” off the top
LMC- of the existing deck followed by 1.75”
1 VE 30 303 | hydrodemolition removal. Cost does not 0 8
include Class A and Class B deck repairs, Overlay assumed
traffic control, longitudinal grooving, or to last through its
mobilization. designed service
2 LMC 30 284 | Obtained from Sprinkel (1999) life without 0 30
Cost is average of two projects bid in requiring any
December 2018. Cost includes milling off epoxy injection
existing 1.75” overlay and shot-blasting of | and repair
3 PPC 40 291 | the existing deck surface. Cost does not 0 8
include Class A and Class B deck repairs,
traffic control, longitudinal grooving, or
mobilization.
Low- Average cost obtained from bid awarded
4 slump 30 94 | contract unit price history from September Epoxy injection 42 40
PCC 2019 to August 2020. Cost includes milling and oartial-denth
0.25” off the top of the existing deck. Cost P aep
. . repair required at
does not include removal of any existing 20 and 25 years of
5 HPC 30 100 | overlays, Class A and Class B deck repairs, 42 40

* Obtained from Sprinkel 1999
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The results of the abovementioned analysis are presented and discussed in the sections below.
6.3.1 Deterministic Analysis

The results of the deterministic analysis are shown in Figure 6.2. The undiscounted sum, NPV,
and EUAC corresponding to the agency, user, and total cost of the five overlays are presented.

As mentioned above, no maintenance activity was considered for the polymer overlays, while
two such activities were considered in the case of the PCC and HPC overlays. However, the
agency costs (Figure 6.2a) of the polymer overlays were considerably higher (NPV = $250—
$290/yd?) than those of the PCC and HPC overlays (NPV = $170-$180/yd?), mainly attributable
to their high initial construction cost. The analysis revealed that the highest agency cost among
all of the alternatives would be incurred by the LMC-VE overlay (NPV = $290/yd?).

Contrary to the observations for the agency cost, the user costs (Figure 6.2b) of the PCC and
HPC overlays (NPV = $100/yd?) were higher than those of the polymer overlays (NPV = $15-
$35/yd?). The relatively longer time for opening to traffic in the case of the PCC and HPC
overlays increases the traffic control cost, thereby increasing the user cost. LMC-VE and PPC
overlays were found to incur the lowest user cost (NPV = $15/yd?). These two overlay types gain
structural strength in 1.5 to 4 hours, due to which the pavement can be opened to traffic in a short
time, reducing the traffic control and user costs.

Adding the agency and user costs, the total cost can be obtained, as shown in Figure 6.2(c). The
wide gap observed in the agency and user costs of the polymer and PCC/HPC overlays was
significantly narrowed vis-a-vis the total cost. However, the LMC-VE overlay still exhibited the
highest total cost (NPV = $305/yd?) among all of the alternatives, mainly due to its very high
initial construction cost. Compared to the total cost NPV of the LMC-VE overlay, the NPVs of
the LMC and PPC overlays were $20/yd? and $40/yd? less, respectively. The EUAC, in the case
of all overlays, followed the same trend as the NPV.
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6.3.2 Probabilistic Analysis

The probabilistic analysis was conducted using the RealCost software’s default values for the
sampling scheme, number of iterations, and tail analysis percentiles. Table 6.4 shows the results
of the probabilistic analysis of the agency and user costs. As the table shows, the mean NPVs
obtained from the analysis are relatively close to the values obtained from the deterministic
analysis. Although the mean agency cost NPV of the PPC overlay is the lowest among the
polymer alternatives, it has the largest standard deviation ($50). The LMC-VE overlay still
shows the highest mean NPV; however, the standard deviation in this case is lower.

Table 6.4. Results of the probabilistic analysis

Overlay Alternative

LMC-VE LMC PPC PCC HPC
Agency | User | Agency | User | Agency | User | Agency | User | Agency | User
NPV Cost Cost | Cost | Cost| Cost | Cost| Cost | Cost| Cost | Cost
Mean $290 $20 $250 $40 $240 $20 $140 $70 $140 | $70

Std.
Deviation $20 $10 $40 $10 $50 $10 $30 $20 $30 $20

Minimum $220 $10 | $140 | $20 | $120 | $10 $80 $40 $70 $40
Maximum $340 $20 | $400 | $50 | $350 | $20 | $200 | $140 | $210 | $130

Figure 6.3 shows the relative cumulative probability distributions (ascending format) of the
agency and user costs for the various alternatives. The distributions could be termed the risk
profiles of the alternatives. The variability of the alternatives can also be assessed from their
respective cumulative distributions. The variability is inversely proportional to the slope of the
cumulative curve, i.e., the steeper the slope, the less variability, and vice-versa (Walls Il and
Smith 1998). Observing the agency cost distribution of the LMC-VE overlay (Figure 6.3a), there
is a 60% probability that the NPV will be less than $290/yd?. At the same probability level, the
agency cost of the other four alternatives is expected to be less than that of the LMC-VE overlay,
while the trend is the opposite for the user cost (Figure 6.3b). The results of the probabilistic
analysis agree with those obtained from the deterministic analysis. Probabilistic analysis is
advantageous because it provides a risk assessment profile of the alternatives.
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7. CONCLUSIONS AND RECOMMENDATIONS

This study investigated the utilization of LMC-VE as a new overlay material for restoring a
deteriorated bridge deck surface in the state of lowa. The pre-construction, construction, and
post-construction processes were thoroughly documented. An in-depth laboratory investigation
of a wide range of LMC-VE material properties, including various mechanical and durability
parameters, was conducted by casting numerous test specimens in the field during overlay
construction. Additionally, the short-term (starting from four days) and long-term (up to five
years) performance of the field overlay was monitored through frequent field visits, testing, and
measurements. Lastly, a comprehensive LCCA was performed to evaluate the total economic
value/cost of the construction and maintenance of the LMC-VE overlay in comparison to four
other overlay types to assess the cost-effectiveness of different overlay alternatives and identify
potential life-cycle cost savings through LCCA. The results of this research are expected to serve
as a benchmark and assist in decision-making related to the selection of overlay alternatives for
future bridge deck applications in lowa.

7.1 Major Findings and Conclusions

A summary of the major findings from this study is presented below.
7.1.1 Laboratory Performance of Field-Cast Specimens

7.1.1.1 Heat of Hydration

e The LMC-VE paste displayed rapid heat generation during a period spanning 5 to 10 hours
after mixing. During this period, the heat of hydration of the paste increased from about 25
J/g to 180 J/g, an increase about twice that of a conventional pavement cement paste. Such
rapid heat generation could be responsible for potential thermal cracking of the LMC-VE
overlay.

7.1.1.2 Mechanical Properties

e The LMC-VE developed a satisfactory compressive strength of 2,827 psi at 3 hours, which
appears favorable for accelerating overlay construction on a bridge deck surface and quickly
opening the bridge to vehicular traffic. The compressive strength increased to 5,952 psi at 28
days and 7,816 psi at 400 days (a factor of three).

e The corresponding early-age flexural strength of 685 psi recorded for the LMC-VE beams at
3 days increased to 865 psi at 28 days (a 26% increase and 14.5% of the 28-day compressive
strength).

e The 28-day pull-off strength testing of LMC-VE-overlaid beams (over an HPC substrate)
indicated an LMC-VE-substrate bond strength of over 283 psi (greater than 250 psi, the
minimum specified pull-off strength value for thin epoxy overlays), typically indicating a
“very good” bond.
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7.1.1.3 Chloride Intrusion Resistance

e The average SR values in laboratory-measured specimens were 24.9 kQ-cm at 3 days and
70.3 kQ-cm at 14 days. Since these specimens were moist cured only for the first 3 days and
air cured thereafter, the measurements made on air-cured specimens at 28 days were
unstable, likely due to the lack of efficient contact between the electrodes of the Wenner
probe and the surfaces of the specimens. Hence, thereafter the cylindrical specimens were
soaked in water for two days before SR measurements were taken (after a specimen age of 28
days).

e Accordingly, the SR measurements on specimens soaked in water for two days were 61.4
kQ-cm at 170 days and 69 kQ-cm at 340 days, indicating enhanced impermeability due to
the synergistic effect of pore refinement as a result of continued hydration and the
simultaneous development of a complex latex network within the bulk of the system.

e The chloride content determined from the 90-day salt ponding tests indicated average acid-
soluble chloride contents of 0.36% and 0.13% in the top and bottom 1/2 in. layers,
respectively. Accordingly, the results indicate that an LMC-VE overlay has a chloride
penetration resistance better than that of an LSDC overlay but not as good as that of an epoxy
overlay.

7.1.1.4 Moisture Transport

The moisture transport properties of LMC-VE were evaluated using a standard water sorptivity
test. The test was performed on specimens sliced from the field-cast, laboratory-cured LMC-VE
cylinders and on relatively smaller test specimens sliced from the field cores obtained at different
ages for pull-off testing. Two smaller specimens sliced from cores of the existing Class D
concrete substrate of the field bridge were also tested for comparison.

e The initial sorptivity of the field-cast LMC-VE specimens (which were laboratory cured in
water for 3 days and then air cured for an additional 25 days before testing) was similar to
that of the substrate concrete studied. During the testing time, the water absorption of the
substrate concrete became stable while the water absorption of the LMC-VE specimens
continued to increase. As a result, the secondary sorptivity value of the LMC-VE specimens
was much higher than that of substrate concrete, which could be responsible for the moisture-
induced deterioration, like freeze-thaw damage.

7.1.1.5 Other Durability Properties

The other durability properties evaluated included shrinkage (both drying and autogenous) and
freeze-thaw resistance. The shrinkage tests utilized standard beam specimens, whereas the
freeze-thaw tests were conducted using two specimen types: LMC-VE-only specimens and
LMC-VE-overlaid beams (LMC-VE overlaid over an HPC substrate to simulate the field
overlay).
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After 400 days, the LMC-VE beam specimens indicated autogenous and drying shrinkage
values of 115 and 440 microstrain, respectively, which are well within those typically
experienced by normal-strength PCC.

The LMC-VE-only beams indicated relatively poor freeze-thaw resistance, contrary to what
was expected based on the information from the existing literature on the freeze-thaw
performance of this material. The LMC-VE-only specimens experienced significant mass
loss and a decrease in the relative dynamic modulus to lower than 60% (below the lower
relative dynamic modulus limit of 60% specified in ASTM C666) at 72 freeze-thaw cycles.
The specimens experienced an increased rate of deterioration thereafter and hence lost their
prismatic shape. The inability to further measure the relative dynamic modulus due to the
latter led to the termination of testing after 112 freeze-thaw cycles. As mentioned earlier, the
undesired freeze-thaw performance of the LMC-VE-only specimens might be associated with
the high secondary sorptivity of the LMC-VE.

The LMC-VE-overlaid beams, in contrast, showed relatively better freeze-thaw resistance
than the LMC-VE-only beams. With no considerable mass loss, the relative dynamic
modulus of these specimens was more than 85% up to 144 freeze-thaw cycles. However,
after 144 cycles the LMC-VE-substrate interface failed and the LMC-VE overlay debonded
from the substrate, resulting in the termination of the freeze-thaw test after 144 freeze-thaw
cycles.

It should be noted that the failure of the LMC-VE-substrate interface under freeze-thaw
cycles was possibly due to the inadequate preparation of the substrate concrete’s surface in
the laboratory, resulting in insufficient microtexture/roughness of the exposed coarse
aggregates. Since the field overlay placement consisted of efficient surface preparation
techniques, including a combination of surface milling, hydrodemolition, and sand-blasting,
the field test results are expected to be more realistic, and the field overlay is expected to
perform better. (This is supported by the field LMC-VE-substrate bond strength results
presented in the next section, which revealed insignificant change in the overlay-substrate
adhesion properties in the field even after 5 years in service).

7.1.2 Short- and Long-Term Performance of In-Service/Field Overlay

7.1.2.1 Cracking and Deterioration

The LMC-VE overlay tended to develop cracks over time. Most cracks are thin/hairline
(<0.016 in. in width at an age of 50 months), transverse or diagonal cracks perpendicular to
the bridge abutments.

The frequency of cracking slowed after three years, with very few newer cracks identified in
subsequent field trips.

The LMC-VE overlay cracking could possibly have developed due to a combination of
various factors. A few of these factors might be the rapid, high heat generation of cement
hydration at a very early age (5 to 10 hours after casting), the material’s susceptibility to
shrinkage under early traffic loading, the effect of bridge skew angle, reflective cracking
from the substrate, and high vehicular loading at an early age, most of which have been
reported in the existing literature on LMC-VE.
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e The in-service overlay indicated signs of slight deterioration in terms of material spalling and
abrasion/erosion of the grooves intentionally placed to aid in friction at a few areas on the
overlay surface.

7.1.2.2 Friction Index

e A very slight reduction in the average BPN values was observed over time. Nonetheless, the
BPN values measured during the final field visit were still observed to be greater than 55, a
BPN value that is deemed necessary for ensuring traffic safety.

7.1.2.3 Surface Resistivity

e The positive results are consistent with the SR measurements of the laboratory specimens,
both of which indicate a potential reduction in material permeability over time.

e When the fall and spring SR measurements were considered separately (to avoid
complications associated with the effect of temperature fluctuations on the measurements),
the measurements separately indicated a general trend of an increase in SR with an increase
in the overlay age (up to 26 months), indicating improved microstructure and associated pore
network disconnection. However, a slight reduction in the average SR values was observed
from Trip 7 (32 months) through Trip 10 (50 months), which possibly indicates a slight
deterioration in the permeability resistance of the overlay material (possibly due to the
combination of spalling and cracking).

7.1.2.2 Sorptivity

Sorptivity tests were performed in the PCC Research Laboratory on field specimens cored at
various ages. The following observations were made:

e Both the initial sorptivity and secondary sorptivity values of the field LMC-VE specimens
decreased with as the age of the LMC-VE overlay increased from 2 months to 8.5 months,
indicating pore refinement and pore network disconnection within the bulk of the concrete
over time.

e The average initial sorptivity of the field-cored LMC-VE specimens was comparable to or
slightly lower than that of the HPC specimens sliced from the concrete of an existing deck,
whereas the secondary sorptivity of the LMC-VE specimens was slightly higher than that of
the HPC specimens until the age of the LMC-VE overlay reached 8.5 months. After 8.5
months, the secondary sorptivity values of the field-cored LMC-VE specimens started
approaching those of the HPC specimens.

7.1.2.3 LMC-VE — Substrate Bond Strength

e A total of 30 pull-off tests were conducted on field cored specimens at ages ranging from 4
days to 50 months. The field pull-off test results showed a general trend indicating that the
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LMC-VE-substrate bond failure mode changed with time. At a very early age (4 days), the
failure occurred in the overlay LMC-VE. As the overlay age increased (from 2 to 14
months), most core failures occurred at the LMC-VE overlay and substrate interface. After
that time (from 14 to 50 months), all core specimens tested failed at the substrate, indicating
the growth of the bond strength between the LMC-VE overlay and substrate.

e Although exhibiting large variation, the strengths of most specimens at failure were greater
than 250 psi, indicating that without the consideration of cracking, the LMC-VE-substrate
bond strengths were higher than 250 psi, which could be classified as “very good” and
adequate.

7.1.3 Life-Cycle Cost Analysis

e The three polymer concrete overlays considered (i.e., LMC-VE, LMC, and PPC) require less
maintenance during their service life; however, the agency cost of these overlays is
considerably higher than that of the low-slump PCC and HPC overlays. Also, the agency cost
of polymer overlays is heavily influenced by their initial construction cost.

o A relatively faster time for opening to traffic in the case of polymer overlays (e.g., 3t0 4
hours for LMC-VE) reduces the traffic control cost, thereby greatly reducing the user cost.

e The deterministic analysis revealed that the highest agency cost among the five overlay
alternatives (LMC-VE, LMC, PPC, low-slump PCC, and HPC) would be incurred in the case
of the LMC-VE overlay, primarily due to its comparatively very high initial construction
cost. On the other hand, the LMC-VE overlay is expected to incur the lowest user cost due to
its faster time for opening to traffic. (Note that UHPC overlays were not included in this
analysis.)

e The probabilistic analysis revealed that at the same probability level, the agency cost of the
other four overlay alternatives is expected to be less than that of the LMC-VE overlay, while
the trend is the opposite for the user cost. From the probabilistic analysis, too, it was inferred
that the LMC-VE overlay has the highest mean NPV for the agency cost; however, the
standard deviation in this case is lower.

e Arrural road AADT threshold of 3,300 was determined for the LMC-VE overlay, which is
the AADT above which the total cost of the LMC-VE overlay is expected to be less than that
of the other four overlays.

Overall, it can be concluded from the LCCA that a very high initial construction cost adds
significantly to the total life-cycle cost of the LMC-VE overlay, even though its user cost is very
low. This suggests that the life-cycle cost of the LMC-VE overlay outweighs the associated
potential benefits, such as faster time for opening to traffic. However, this statement is valid only
for an AADT of 900 and the associated traffic distributions. As determined in this analysis, for
cases where high AADT conditions exist (greater than 3,300), the LMC-VE overlay could be a
better alternative. In addition, unexpected premature cracking of the LMC-VE overlay, as
observed during the field investigation, was not considered in the analysis.
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7.2 Recommendations

Based on the present study, the recommendations listed in the following sections can be made for
further study, LMC-VE construction, and QA/QC practice.

7.2.1 Issues Related to Heat of Cement Hydration

As shown in Figure 4.3, rapid heat generation occurred during hours 5 through 10 of cement
hydration, and the high temperature of the LMC-VE overlay was also noticed by the
investigators during the SR measurement of the field overlay 3 hours after casting. However, the
field overlay concrete temperature was not monitored in this study. Such early and rapid heat
generation resulting from the rapid hydration of CSA cement could be responsible for the
thermal cracking of LMC-VE.

It is recommended that the temperature of the LMC-VE overlay be monitored in future LMC-VE
overlay practice. Concrete cooling measures, such as the use of pre-cooling aggregates or chilled
mixing water, may be taken to further reduce concrete placement temperature.

LMC-VE mix proportions, such as the latex and citric acid contents, may be adjusted to reduce
rapid heat generation within the short period of early-age cement hydration, thus minimizing the
early-age cracking due to rapid heat generation from cement hydration. Supplementary
cementitious materials may also be used to reduce not only the heat of hydration but also the
secondary sorptivity of the concrete, thus reducing cracking and deterioration.

7.2.1 Issues Related to Shrinkage Properties

Although the laboratory investigation showed that the shrinkage behavior of the laboratory-cured
LMC-VE was similar to that of conventional pavement concrete (Figure 4.22), the field LMC-
VE overlay showed a number of fine/hairline transverse cracks, which was possibly related to
the shrinkage of the LMC-VE. The following measures can be considered to minimize shrinkage
cracking:

e The early opening of the field overlay to traffic might have increased the likelihood of
shrinkage cracks because the concrete continues to shrink after exposure to traffic loads.
Therefore, one possible measure for addressing this issue is to further improve LMC-VE
curing. Because LMC-VE exhibits rapid strength gain and high shrinkage at a very early age,
extending the curing time and properly removing the burlap to avoid sudden temperature and
moisture changes may help reduce some shrinkage-related cracking.

e Techniques for shrinkage reduction, such as the use of shrinkage-reducing agents and/or
lightweight fine aggregates (LWAS) as internal curing agents, could also be considered.

e Since the extent of shrinkage varies with the latex dosage, further study is needed to consider
different latex dosages (low to medium) in combination with the use of internal curing
agents, as recommended above.
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e Since shrinkage is significantly influenced by the high initial heat of cement hydration (due
to the use of rapid-set cement), heat should be measured at the site of material placement
(e.g., using an i-button sensor or a thermocouple). This could be supplemented with
laboratory-based isothermal/semi-adiabatic calorimetry tests.

e Future applications of LMC-VE need to consider all of the above to ensure that the
constructed overlay is free from shrinkage cracking. A small dosage of fibers (<2% by
volume) may also be used to control crack propagation.

7.2.2 Correlating LMC-VE Microstructure to Durability

The laboratory investigation showed that the secondary sorptivity of the laboratory-cured LMC-
VE specimens (at 28 days) was much higher than that of the conventional HPC used for
overlays, and the freeze-thaw resistance of LMC-VE-only specimens was low. Small areas of
spalling were observed at a few locations on the field LMCVE overlay. All of those could be
attributed to improper pore structure in the LMC-VE, possibly due to chemical reactions among
the cement, latex, and citric acid components in the overlay and the deicer chemicals applied to
the deck surface. Future research should be conducted to investigate these physico-chemical
phenomena through detailed microstructural investigation. Through a better understanding of the
interactions of the material components, LMC-VE mix proportions can be optimized for a better
performance.

7.2.3 Potential Cost Savings through LMC-VE Applications

e Inthe comprehensive LCCA, the construction cost of the LMC-VE overlay was recognized
as being higher than that of the other overlay alternatives considered. However, the LCCA
revealed a potential for cost savings with LMC-VE when the AADT is greater than 3,300.
This result establishes an AADT threshold above which the total life-cycle cost of the LMC-
VE overlay (encompassing the construction and maintenance costs throughout its service
life) is expected to be less than that of the other four overlay alternatives.

e Therefore, the use of LMC-VE as an overlay material is not preferable for low AADT values
(i.e., less than 3,300).
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APPENDIX A

Additional material (i.e., cement and latex) related information is given below.
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November 06, 2018
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Corporation

PLANT Juarez, Plant 1

RAPID SET CEMENT, BULK 10731 tons (9735 mt)

IDENTIFICATION, lot number J62

SPECIFIC GRAVITY 2.98

TIME OF SETTING, Minutes (ASTM C191 MODIFIED)

INITIAL 17

FINAL 21

COMPRESSIVE STRENGTH ~ PSI (MPa)

3 HOURS 6709 (46.3)

24 HOURS 8090 (55.8)

Tested in accordance with ASTM C109 as modified by CTS 101-17.

This cement was sampled from Juarez Plant 1 and test results shown herein are iepresentative of the

Rapid Set” cement identified with the above lot number.
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1. Identification

Product identifier

Orther means of identification
Product code

Recommended use
Recommended restrictions

SAFETY DATA SHEET

Rapid Set Cement

101002000, 101010050, 101010088, 101012000, 101013000

Industrial use.
Mone known.

Manufacturerimporter/SupplieriDistributor information

Company name
Address

Telephone
E-mail
Contact person
Emergency telephone
number
2. Hazard(s) identification

Physical hazards
Health Hazards

O5HA defined hazards

Label elements

Signal word

Hazard statement

Precautionary statement
Prevention
Response

Storage
Disposal

Hazard|s) not otherwise
classified (HNOC)

CTS Cement Manufacturing Corporation
12442 Knott Street Garden

Growve, A B2341

United States

1-800-828-3030

info cement.com

Safety Cfficer

1-800-828-3030 (3 AM - 5 PM)

Mot cassified.

Skin comosionimitation Category 2

Sernous eye damage/eye imtation Categary 1

Carcinogenicity Category 1A

Specific Target Organ Toxicity, Single ) R
Ex e Category 3 respiratory tract irmtation
Specific Target Organ Tomicity, .

Repeated Exposure Category 2 {Lungs)

Mot dassified.

Canger

Causes skin imitation. Cawses senous eye damage.

Wash thoroughly after handling. Wear protective gloves/protective clothing/eye protectionface protection.

i in eyes: Rinse cautiously with water for seweral minutes. Remowe contact lenses, if present and easy to do.
Continue rinsing. Immediately call a poison centeridoctor. if on skin: Wash with plenty of water. if skin imitation
occurs: Get medical advice/attention. Take off contaminated cothing and wash before reuse.

Store in dry location. Store away from incompatible materials.
Dispose of waste and residues in accordance with local authority reguirements.
Maone known.

3. Compositionfinformation on ingredients

Mixtures
Chemical name
Calcium Sulfoaluminate CAS number £
Cement 960375-00-1 00-100
Silica {Quartz) Crystaline 14308-50-7 <01

Composition comments

All concentrations are in percent by weight unless ingredient is a gas. (Gas concentrations are in percent by
wolume.

Rapid Set Cement

sDsUs

Version # 02 Revision date: -  |ssue date: 27-January-2013 117
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Date 2015-0B-04  (YYYY-H0d-DOD) rime 13:L4:3% {Greenwich Mean Time] Fage 1 of 1
e MODIFIED COMCRETE SUBFLIERS L=1
LLE
TRINSEQ. 5455 GRAND AVE. 5417

FORT SMITH AR 72304

Ship From: MIDLAKD
United Statea

Certificata of Analysis

Customer Information

Customer Hame MODIFIED COMNCRETE

Product SUPPLIERS
Costomer PO oumber 400%
Modifier ASWR
Delivery Wo. B54521624 7 0000L0
Crdar Mumbes 145330667
Container ID 545G
shipment Ma. 44512877 Spacification Mumber Q00000012803
Batch Number usglJazong
Seal Humber LaoeTae/1anarey
Quantity 46000.000 LB
Manufzcturing Plant MPG MDML BEINDERS MIDLAMD
Manufacturer Address 3892 5 Saginaw Rd 1303 BLDG
MILLAND
Michigan 4BGET=0001
Test Unit Lower Limit Upper Limit Value Hathod
Solids & 4T.0 49.0 49.0 DOWM 100008
PH 5.0 i1.0 10.0 DOWM 100428
200 Mesh Residue g - 0.500 0001 DOWM 101784
par S00mL
Brookfield Viscosity =} 5 40 31 DOWM 100317
#l spindle B 1rpm
Particla Siza fm 175 205 185 DOWM 102352
Burface Tension mil fm 22,0 3L.0 28.0 DOWM 100362
Freaza Thaw Stabilitey [ - 0.10 0.00 DOWM 1OLTES
Zhipping Temperaturs "o 10,0 an.o 25.0 LTH 100003
Butadiene Content % 30.0 40.0 34.8 LTM 100001
Dengity lbfgal  8.40 B.60 B.55 DOW 100364

For inguiries please contact Customer Service or local salaes

|™ Frademaczk of Trinseo S.A. or ita affiliates
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TRINSEO.

CERTIFICATION OF COMPLIANCE - PART A
Date Shipped  08/04/19

hail to: Shipped to:
MODIFIED CONCRETE SUPPLIERS, LLC MODIFIED CONCRETE SUPPLIERS, LLC
455 GRAND AVE, 6d35 GRAND AVE.
FORT SMITH. AR 72604 FORT SMITH, AR 72904
Customer Order Mo, 4009 Trinseo Invaice 44512877
Ma.
Shipped From  Midland, M1 Manufactured At Midland, M|
Material MDD A NA Manufactured Date 3 = H — 3O 19

Cluantity Shipped Sﬁ; od jﬂ. l Lot Mumber U E Qf 1 J‘_?&.ﬁgﬂl

This |s to cerlily that on the date of shipment, as shown above, the material covered on above Trinseo Invoice
Mumber and supplied under the subject purchase order(s} meets requirements of both the Trinseo Sales
Specification and those of Report No. FHWA 78-35 “Styrene-Butadiena Latex Modifiers for Bridde Deck Cwrlay
Concrete,”

Signed and Subscribed before me on this TRINSEQ, LLC

4th Day of _August 2018 -
o F

e

Fl

TYROMNE D SEEBURGER
Motary Public - State of Michigan

County al Bay
My Commission Expires Jun 12, 2023 {9
Acting in the County of #77.d oo 1

CONTRACTOR’S CERTIFICATION - PART B
(WHEN REQUIRED)

Cuantity Project Number

Job Mumbear Structure Mumber
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APPENDIX B

The following are detailed crack survey results obtained from the individual field trips starting at
an overlay age of two months.

Trip 2 (§Od)
11/04/2019

Stage 1 cast corete

Cemetery side

* Black: Cracks identified at 60d  Red: Crack lengths at 60d * Blue: Distances to cracks

(a) Crack survey results showing their locations and lengths at an age of 2 months

S —
4 — 7))

Trip 2 (60d)
11/04/2019

=
=)
e

—% 10WA IS

Stage 1 cast corete

Cemetery side

« Black: Cracks identified at 60d * Red: Crack widths at 60d * Blue: Distances to cracks

(b) Crack survey results showing their locations and widths at an age of 2 months

Figure B.1. Crack survey results from Trip 2 (overlay age of 2 months)

111



Cemetery side

« Black: Cracks identified during Trip-3 * Red: Trip-3 crack lengths * Blue: Distances to cracks

P — o

(a) Crack survey results showing their locations and lengths at an age of 8.5 months

f

« Black: Cracks identified during Trip-3 * Red: Trip-3 crack widths « Blue: Distances to cracks

(b) Crack survey results showing their locations and widths at an age of 8.5 months

Figure B.2. Crack survey results from Trip 3 (overlay age of 8.5 months)
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75

Black: Earlier cracks from Trip-3; Pink: Newer or extended cracks; Dark teal-Newer or extended crack lengths, Blue: Distances to cracks
(a) Crack survey results showing their locations and lengths at an age of 14 months
== :
Trip 4 (424
11/02/20

> [71736.5°

754
Ezzzjgzzzz20 — \

5% WL

Cemetery side

Black: Earlier cracks from Trip-3; Pink: Newer or extended cracks; Red: Latest crack widths from Trip-4, Blue: Distances to cracks
(b) Crack survey results showing their locations and widths at an age of 14 months

Spalling

i Trip 4 (424d)
| 11/02/20

7
—k

% 325

Spalling Parallel cracking

(c) Spalling damage observed at an age of 14 months

Figure B.3. Cracking and other deteriorations observed during Trip 4 (overlay age of 14
months)
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APPENDIX C

The following are all project-level and alternative-level data that were entered into RealCost.

Table C1. RealCost input data

1. Economic Variables

Value of Time for Passenger Cars ($/hour) LCCANORM AL$ (11%02(;
Value of Time for Single Unit Trucks ($/hour) LCCANORMAI?(1188.%())
. N $22.00

Value of Time for Combination Trucks ($/hour) LCCANORMAL (22,2.5)

2. Analysis Options

Include User Costs in Analysis Yes

Include User Cost Remaining Life Value Yes

Use Differential User Costs Yes

User Cost Computation Method Specified

Include Agency Cost Remaining Life Value Yes

Traffic Direction Both

Analysis Period (Years) 40

Beginning of Analysis Period 2019
. 3.0

Discount Rate (%) LCCANORMAL (3,1.5)

Number of Alternatives 5

3. Project Details

State Route 1A 15

Project Name LMC-VE Overlay

Region 1A

County Emmett

Analyzed By

Mileposts

Begin

End

Length of Project (miles)

Comments
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4, Traffic Data

AADT Construction Year (total for both directions) 900
Cars as Percentage of AADT (%) 81.0
Single Unit Trucks as Percentage of AADT (%) 6.0
Combination Trucks as Percentage of AADT (%) 13.0
. 2.0
0,

Annual Growth Rate of Traffic (%) LCCANORMAL(2,1)
Speed Limit Under Normal Operating Conditions (mph) 55
No of Lanes in Each Direction During Normal Conditions 1
. 2,000
Free Flow Capacity (vphpl) L CCANORMAL (2000,500)

Rural or Urban Hourly Traffic Distribution Rural
o . 1,000
Queue Dissipation Capacity (vphpl) L CCANORMAL (1000,200)
Maximum AADT (total for both directions) 1,100
Maximum Queue Length (miles) 2
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Alternative 1 LMC-VE
Number of Activities 1
Activity 1 Initial
Agency Construction Cost ($1,000) Pz
’ LCCANORMAL(0.29,0.02)
$0.01
User Work Zone Costs ($1,000) LCCAUNIFORM(0.01,0.02)
. 2
Work Zone Duration (days) LCCAUNIFORM(1,3)
No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 30.0
Activity Structural Life (years) 30.0
Maintenance Frequency (years) 0
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25
500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hou

r clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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Alternative 2 LMC
Number of Activities 1
Activity 1 Initial
Agency Construction Cost ($1,000) P22
’ LCCANORMAL(0.25,0.05)
$0.04
User Work Zone Costs ($1,000) LCCAUNIFORM(0.02,0.05)
. 5
Work Zone Duration (days) LCCAUNIFORM(3.7)
No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 30.0
Activity Structural Life (years) 30.0
Maintenance Frequency (years) 0
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25
500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hou

r clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0

118




Alternative 3 PPC
Number of Activities 1
Activity 1 Initial
Agency Construction Cost ($1,000) P22
’ LCCANORMAL(0.25,0.05)
$0.01

User Work Zone Costs ($1,000)

Work Zone Duration (days)

LCCAUNIFORM(0.01,0.02)
2

LCCAUNIFORM(1,3)

No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 40.0
Activity Structural Life (years) 40.0
Maintenance Frequency (years) 0
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25

500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hou

r clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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Alternative 4 PCC
Number of Activities 3
Activity 1 Initial
Agency Construction Cost ($1,000) $0.09
' LCCANORMAL(0.09,0.02)
$0.04

User Work Zone Costs ($1,000)

Work Zone Duration (days)

LCCAUNIFORM(0.03,0.05)
8

LCCAUNIFORM(6,10)

No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 20.0
Activity Structural Life (years) 20.0
Maintenance Frequency (years) 0
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25

500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hou

r clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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Activity 2

Maintenance 1

. $0.04

Agency Construction Cost ($1,000) L CCANORMAL(0.04,0.005)
$0.03

User Work Zone Costs ($1,000) LCCAUNIFORM(0.01,0.05)
. 2

Work Zone Duration (days) L CCAUNIFORM(L,3)
No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 5.0
Activity Structural Life (years) 5.0
Maintenance Frequency (years) 20
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25
500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hour clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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Activity 3

Maintenance 2

. $0.04

Agency Construction Cost ($1,000) L CCANORMAL(0.04,0.005)
$0.03

User Work Zone Costs ($1,000) LCCAUNIFORM(0.01,0.05)
. 2

Work Zone Duration (days) L CCAUNIFORM(L,3)
No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 5.0
Activity Structural Life (years) 5.0
Maintenance Frequency (years) 25
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25
500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hour clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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Alternative 5 HPC
Number of Activities 3
Activity 1 Initial
Agency Construction Cost ($1,000) $0.10
’ LCCANORMAL(0.1,0.02)
$0.04

User Work Zone Costs ($1,000)

Work Zone Duration (days)

LCCAUNIFORM(0.03,0.05)
;

LCCAUNIFORM(6,8)

No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 20.0
Activity Structural Life (years) 20.0
Maintenance Frequency (years) 0
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25

500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hour clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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Activity 2

Maintenance 1

. $0.04

Agency Construction Cost ($1,000) L CCANORMAL(0.04,0.005)
$0.03

User Work Zone Costs ($1,000) LCCAUNIFORM(0.01,0.05)
. 2

Work Zone Duration (days) L CCAUNIFORM(L,3)
No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 5.0
Activity Structural Life (years) 5.0
Maintenance Frequency (years) 20
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25
500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hour clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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Activity 3

Maintenance 2

. $0.04

Agency Construction Cost ($1,000) L CCANORMAL(0.04,0.005)
$0.03

User Work Zone Costs ($1,000) LCCAUNIFORM(0.01,0.05)
. 2

Work Zone Duration (days) L CCAUNIFORM(L,3)
No of Lanes Open in Each Direction During Work Zone 1
Activity Service Life (years) 5.0
Activity Structural Life (years) 5.0
Maintenance Frequency (years) 25
Agency Maintenance Cost ($1,000) 0
Work Zone Length (miles) 0.25
Work Zone Speed Limit (mph) 25
500

Work Zone Capacity (vphpl)

LCCAUNIFORM(400,600)

Traffic Hourly Distribution

Week End 2

Time of Day of Lane Closures (use whole numbers based on a 24-hour clock)

Inbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
Outbound Start End

First period of lane closure 0 24
Second period of lane closure 0 0
Third period of lane closure 0 0
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