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Abstract

A major problem facing state and federal highway departments is the
deterioration of bridge decks due to the corrosion of reinforcing steel. Polyester-styrene
polymer concrete overlays providc durable and wear-resistant surfaces for portland
cement concrete bridge decks, and can be formulated to provide low water and chloride
permeabilities. In order to study the effects of the composite action between the portland
cement concrete deck and the polymer concrete overlay, a knowledge of the material
properties of the chosen polymer must be obtained, and the conﬁpatibiiit& of the material
with porﬂand cement concrete must be determined.

This report provides an introduction to the materials under consideration and a
comparison of the engineering properties of portland cement concrete and polyester-
styrene polymer concrete. Properties considered include compressive strength, modulus
of elasticity, tensile strength, flexural strength, thermal expansion characteristics, rate of
compressive strength gain, high temperature strength degradation, shrinkage, and creep.

“The bond between the polymer concrete overlay and the portland cement concrete
deck results in a cémpbsite section with distinct areas of different physical properties.
Because the polyester-styrene concrete and_the portland cement concrete exhibit different
coefficients of thermal expansion and moduli of elasticity, composite action under
temperature change raises a concern. _

~ Two finite element models were used to determine the compatibility between the
concrete bridge deck and the polyester-styrene overlay. Allowable stresées due to
temperature were determined using the ACI ultimate strength method and both AASHTO
service load and'ultimate strength methods. Results of the analysis are presented, and an

attempt to explain any excessive stresses is made.
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Chapter 1
Introduction

1.1 Background

A major problem facing state and federal Departments of Transportation is the
rapid deterioration of highway bridge decks due to the corrosion of reinforcing steel.!
Deterioration of the bridge deck degrades the riding quality of the deck and, depending
on its location and magnitude, can reduce the bridge's load carrying capacity. High-
repair and replacement costs and inconvenience to the travelling public make protection
of bridges against early failure a'necessity.

The widespread use of road deicing salts to keep bridges free of snow and ice in
the winter has been i_dentiﬁed as one of the major causes of bridge deck deterioration.?
The infiltration of chloride ions, water and oxygen into the deck result in corrosion of the
steel reinforcement. This corrosion leads to a reduction in cross-sectional area of the
reiriforcernent and results in cracking and spalling of the concrete surface. The cracking
~ of concrete, in turn, increases the chloﬁde, water and oxygen access to the steel, further .
increasing the cﬁrroSion rate.

Because of the inherent alkalinity (pH between 12 and 13) of portland cement
concrete, reinforcing steel will not corrode in uncontaminated concrete; however, in the
presence of chlorides, water and oxygen, this high pH environment begins to neutralize,
and rusting of the steel occurs.* The corrosion products occupy a larger volume than the
steel'they replace, causing internal tensile stresses to develop in the concrete. When
these internal stresses are larger than the tensﬂe strength of the concrete, delamination
and surface spalling result.

The characieristics of concrete that indirectly affect the corrosion phenomenon
are permeability, which governs the access that water, chlorides, and oxygen have to the

steel; electrical resistivity, which determines the magnitude of corrosion current that can



flow at a given potential; and the alkalinity of the concrete, which provides a passivating
environment for the steel.’ |

There are two major categories of techniques used to retard the corrosion process:
mechanical methods, which physically prevent the access of oxygen, chlorides and water
to the steel; and electrochemical methods, which use an applied electrical current to alter
the electrical characteristics of the reinforcement to make the steel less susceptible to
corrosion. The mechanical category includes the use of epoxy-coated reinforcing steel to
isolate the stecl from the aggressive environment; sealers, membranes and overlays to
prevent ingress of water and chlorides into the concrete; and silica fume admixtures and
improvements in concrete mix designs and placement procedures to produce less
permeable concrete with higher electrical resistivity.?

Nevada has used a variety of mechanical protection methods with varying
success. Methods used include impermeable membranes with asphalt concrete overlays,
epoxy-coated rebar, latex-modified concrete (LMC) overlays, low-slump dense concrete

(LSDC) overlays and, most recently, polyester-styrene polymer concrete (PC) overlays. |

1.2 Object and Scope

This research program was originally intended to aid in determining the optimum
bridge deck protection method for the harsh nofthern Nevada climate,

The original object was changed when the decision was made by the Névada
Department of Transportation (NDOT) to exclusively use polymer concrete for bridge
deck overlays. The decision to abandon the previously preferred low-slump dense
concrete overlay in favor of polymer concrete was based on cracking problems in low-
.slump overlays and on successful use of polymer concrete overlays in California. Thus,
the focus of this research project was revised to determine what .makes polymer concrete

successful as a protective overlay material.



The bond between the polymer cdncrete overlay and the portland cement concrete
substrate is generally strbnger than the strength of the portland cement concrete itself.*
;Ihe overlay and the deck form a composite section with distinct areas of different
physical properties. In order to study the effects of the composite action and the
~ behavioral differences between portland cement concrete and polymer concrete, a
knowledge of the material pr.operties of polyester-styrene polymer concrete was obtained
from available literature.

Because of the different properties of polyester-styrene concrete and conventional
portland cement concrete, thermal performance and compatibility can be critical. A
finite element analysis was conducted to determine the effects of the composite action

under temperature changes between the overlay and the bridge deck substrate.

1.3 Organization of the Report

Chapter 2 of this report presents an introduction into the physical process of
reinforcing steel corrosion and provides an overview of several methods used to protect
bridge decks against deterioration.

A database of bridges in Nevada whiéh have protective systems installed is
presented in Chapter 3. This database served as a means of determining which of the
various protection systems aré being used in Nevada, and will serve as a reference for the
comparison of performance in the future. A brief discussion concerning problems
encountered with protection methods used in Nevada is also included.

Chapter 4 contains a review of prévious research conducted on the properties of
polyester-styrene polymer concrete. These properties are compared to the properties of
conventional portland cement concrete in an effort to highlight the physical differences
between the two materials. |

Because of the differences between polyester~styrene polymer concrete and

portland cement concrete, thermal cémpatibiiity between the bridge deck and the overlay



was questioned. Chapter 5 presents two finite element models which were studied to
ensure safisfactory thermal performance.

Chapter 6 presents a summary of the project's findings and outlines suggestions
for future research.

The first two appendices provide a list of symbols and abbreviations used in this
report and a glossary of terms related to polymer concrete. Appendix C contains ﬁlisting
of other Center for Civil Engineering Earthquake Research reports published by the

University of Nevada Department of Civil Engineering.



Chapter 2
Bridge Deck Reinforcing Steel Corrosion and Methods of Protection

2.1 The Galvanie Corrosion Process in Bridge Decks

Corrosion is the natural process of a metal releasing energy to reform- the ores
from whi.c;h it was manufactured.” As a metal ore is smelted and refined to make
commercial products, such as steel, energy must be added. However, the tendency of the
metal is to revert to its unprocessed natural state, usually a metallic oxide. Corrosion is a
process with two primary aspects: a physical change in the metal occurs and an electric
current is generated. |

A corroding metal releases electrical energy, which must be conserved in nature.
To achieve this, some other metal receives the energy, allowing the second metal to
remain stable and maintain its manufactured form. The metal releasing energy is the
anode and the metal receiving the energy is the cathode. An.electrical connection
between the two metals must exist for current to flow; this connection may be any direct
conductive mechanical conhection, such as wire ties, metallic supports, welding, and

other physical contact.

2.1.1 Conditions Required for Corrosion

For galvanic (electrolytic) corrosion to occur, four items must be present. There
must be two metals existing at different energy levels, an electrical connection between
the two metals, and an electrolytic solution to conduct ionic current flow between the
anode and cathode. When these conditions are present, a galvanic cell is created and
corrosion begins.’

G.a‘Iva.nic corrosion can also occur between two regions of the same metal, for
instance, a single length of reinforcing steel.’ When steel reinforcement is shaped and

bent, energy is imparted into the steel. The working process heats the steel and increases



the energy level in the heated region. A single piece of reinforcing steel may have
several areas with different energy levels; these areas are ideal for creating galvanic cells.

The energy levels of reinforcing steel can also be influenced by chemical
variations in the concrete.’ Active ions may be present in the concrete due to admixtures
or chemicaj contamination. Differences in oxygen concentrationl also promote galvanic
cell formation. Indeed, oxygen and moisture must be present in the electrolyte for

galvanic corrosion to proceed.

2.1.2 Active Corrosion Process

Steel embedded in alkaline concrete does not naturally corrode.’ In the normally
high-pH concrete environment, a thin oxide layer forms on the surface of the reinforcing
steel. This oxide, known as Gamma Ferric Oxide (gamma~Fe203), or black iron oxide,
isolates the steel from the environment and prevents corrosion for as long as the layer
remains intact. Protected within the concrete, the oxide layer is seldom disturbed and the
integrity of the concrete-steel combination is maintained.

When chloride ions are present in the concrete, a complex chemical reaction
occurs which destroys the gamma-Fe,O4 oxide layer by converting it to red iron oxide,
or rust, Fe(OH)2.5 The chloride ions act as a catalyst and are not consumed in the
reaction, thus they remain in solution to continue the degradation of the protective oxide
layer. Once the oxide layer is removed, the reinforcing steel is subject to galvanic
corrosion. Chlorides can be introduced into the bridge deck in admixtures and mixing
water; however, the major source of chloride ions. in bridge decks is road deicing salts,
used to keep the structure free of snow and ice during the Winter months.>® The chloride
concentration required to destroy the passive oxide film can be as low as 1 pound per
cubic yard. |

Because chloride ions are not uniformly distributed within the concrete,

differential-concentration galvanic cells are formed in bridge decks. Portions of the



reinforcing steel remain passive while chlorides degrade the oxide layer at other
locations. Energy differences result from the active and passive nature of the steel. The
conciete acts as the electrolyte and the electrical connection is provided by ties, chair
supports, and other steel reinforcing bars. | |

Oxygen, in addition to chloride ions, is required for reinforcing steel to corrode.
Steel in chloride-free concrete with a large oxygen concentration will not corrode and
steel in concrete with chloride concentrations above the threshold limit but with no
oxygen present will have a greatly reduced corrosion rate.  The chlorides act as an
initiator by breaking down the protective oxide layer, while the oxygen allows the
corrosion process to proceed.’ The chloride induced corrosion process is illustrated in
Figures 2-1 through 2-4,

In addition to the reaction of chlorides with the protective oxide layer, the
passivation of steel embedded in concrete can also be destroyed by a reduction of pH.’
When the pH decreases into the 11 to 12 range, reinforcing steel can corrode given an
adequaté supply of moisture and oxygen. A decrease in alkalinity can be caused by
concrete absorption of carbon dioxide from the atmosphere or the infiltration of acid rain.
When carbon dioxide, CO,, is absorbed into the concrete, calcium carbonate is formed
from the calcium hydroxide in the cement. The reaction converts the hydroxyl ions,
OHT, to water, lowering the pH. This process is known as carbonation, and can decrease
pH to about 9. If carbonation occurs in the concrete adjacent to the reinforcing steel,

galvanic corrosion is initiated.’

2.1.3 Secondary Effects: Concrete Cracking and Spalling
Several electrochemical reactions occur during the galvanic corrosion process to
change steel into rust.’ At the top mat of steel, the anode, iron atoms are stripped of

electrons to become positively-charged ions:



Fe — Fett 4 26—,

The electrons flow as an electric current to the cathode where, in the presence of water

and oxygen, they combine to form negatively-charged hydroxyl ions:
Oy +2H,0 +4e™ — 40H™.

These hydroxyl ions form part of the ionic current that flows through the electrolytic
concrete toward the anode, where they react with the positively-charged iron ions to form

iron oxide corrosion products:
Fet* + 20H™ — Fe(OH),.

These corrosion products occupy many times the volume of the steel that was consumed.
The increased volume causes a bursting force in the concrete surrounding the corroded
steel reinforcement. When the bursting force exceeds the tensile strength of the concrete,
cracking will result.’ Figure 2-4 illustrates this process.

As the corrosion process conti'nues, more cracks will develop. Cracks which
reach the surface can provide a low-resistance path for chlorides, water, and oxygen, thus
increasing the rate of corrosion. When cracks intersect, spalling and delamination of the
concrete surface can result, further exposing the reinforciﬁg steel to chlorides, water, and.

OXygen.

2.2 Protection Against Reinforcing Steel Corrosion

If the chloride contaminated area is small, the most effective means of preventing
corrosion to bridge deck reinforcing steel is the physical removal of contaminated
concrete and replacemént with ﬁncontaminated patching materials. Some care must be
taken with this method, however, to ensure that all contaminated concrete is removed.

Problems have occurred where highly-contaminated concrete has been replaced, but



lesser-contaminated concrete has not. The replacement concrete, being free of chlorides,
can set up a differenbe of potential with the concrete that was not replaced, resulting in
accelerated corrosion of reinforcement surrounding the patched area.

Il the contaminated deck area is large and removal of contaminated concrete is
uneconomical, and for protection of new bridge decks, there are two broad classes of
protection available: electrochemical methods and mechanical methods.

The most common eieétrochemical method is cathodic protection. A cathodic |
protection system uses electrical energy to counteract the corrosion process. The
electrical continuity of the reinforcing steel is used to distribute the electrical current and
to prevent galvanic corrosion of isolated segments of reinforcement.’

The three most common mechanical methods of bridge deck protection include
the use of epoxy-coated reinforcing steel, waterproofing deck sealants, and protective
overlays. The use of epoxy coated reinforcing steel has been extensively studied and
found to be a reliable and economical method of protection against chlorides.’
Waterproofing deck sealants such as linseed oil have seen use in the past, but are no
longer the protection method of choice, mainly because they require frequent re-
application to maintain their effectiveness. One type of modern concrete sealing
technique is polymer-impregnated concrete (PIC). In polymer impregnation treatment, a
monomer is injected into the concrete deck and polymerized in place, forming an
impermeable layer in the concrete. | |

Protective overlays are being used by many state Departments 0f Tmnsp‘ortation.j
This method employs a thin overlay on the bridge deck to prevent the ingress of water,
chlorides, and oxygen. A number of overlay systems have been developed: waterproof
- membranes with asphalt concrete overlays; low slump dense concrete (LSDC) overlays;
latex-modified concrete (LMC) overlays; and polymer concrete (PC) overlays made with

- acrylics, epoxies, or polyesters.



2.3 Cathodic Protection Systems

A cathodic protection system uses electrical energy to counteract the corrosion
process.® The cathodic protection system uses replaceable anodes placed near the surface
of the deck, either in sawn grooves or as flat "pancakes” with an electrically-conductive
deck overlay. The impressed electrical current counteracts the potential created by
chloride ions, and causes the top steel reinforcing mat to behave as a cathode instead of
an anode. Because cathodes remain unchanged in the galvanic corrosion process, the
. reinforcing steel is protected.

Cathodic protection systems have the benefit that contaminated, but sound,
concrete does not have to be removed. However, cathodic protection systems can be

expensive and labor intensive, and must be located near a source of electrical power.

2.4 Epoxy-Coated Reinforcing Steel

The use of epoxy-coated reinforcing steel will prevent its corrosion. Research has
estimated that, at the same chloride concentration in the concrete, annual steel corrosion
will average 12 times less for epoxy coated top mat steel than for plain steel.! Maximum
protection is afforded by the use of epoxy-coated reinforcement for the bottom mat as
well as the top mat. The amount of top mat steel consumed by corrosion is reduced 46‘
times by epoxy-coating both the top and bottom steel mats.! One of the most important
factors governing the performance of epoxyhoated bars is the quality control during
coating.? Damage to thé epoxy coating during the coating process or during subsequent
- handling can reduce or negate the protection provided by the coating. Once the chloride
* concentration in the concrete reaches the threshold level, accelerated corrosion may occur
at epoxy-coating damage sites. The resulting pitting can also lead to premature fatigue

failure of the bar.!
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Epoxy-coated reinforcing steel cannot be nsed to retrofit an existing bridge deck;
its use is limited to new construction, deck replacement, and large patches. It is the
policy of the Nevada Department of Transportation to use epoxy-coated steel in new

construction for all reinforcement within the top 12 inches of the structure.®

2.5 Impenetrable Membranes with Asphalt Concrete Overlays

This protective strategy uses an impermeable waterproofing membrane applied to
the bridge deck followed by application of a 2- to 3-inch thick asphalt concrete overlay to
protect the membrane and serve as a wearing course. Membranes are typically factory
preformed sheeting or applied-in-place liquids. While the claimed life of membrane
systems can be as great as 50 years, the actual life of the system is generally 10 to 15
years, and is governed by deterioration of the asphalt overlay.!

In addition to design features, membrane effectiveness depends greatly on.
conStmction quality. Particular care in sealing the membrane at curbs and drains, where
ponding can be severe, is important. Damage to the membrane under the asphalt paver
has also been reported.’

Several states, including Nevada, have experienced debonding and stripping of
the asphalt concrete overlay.!® One major factor is infiltration of water through cracks
and fissures in the overlay and accumulation of water above the membrane. When this
water is subjected to repeated combinations of freezing and thawing and hydraulic
pressures under traffic, the asphalt layer tends to separate from the membrane. Blistering
under the membrane durmg construction will result in a poor bond with the bndge deck

and subsequent early failure of the protection system.!

2.6 Latex-Modified Concrete Overlays
Latex-modified concrete (LMC) overlays, typically 1.5 to 2 inches thick, have

been used successfully in several states. Research has found that a 1-inch thick layer of
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latex-modified concreic provides the same protection against chloride intrusion as 3
inches of concrete made with a water/cement ratio of 0.50.! The addition of an acrylic
latex, typically styrene-butadiene rubber (SBR),’ to a conventional portland cement
concrete creates a non-permeable concrete. The latex is introduced to the concrete in an
emulsion which replaces a portion of the mixing water. Upon placement, the latex
rapidly begins to cure and forms a continuous impermeable film within the concrete, !

Latex-modified concrete overlays must be applied to a clean, sound surface. The
bridge deck must first be scarified to remove unsound concrete from the surface. Next,
the surface is s;md blasted to remove laitance from the concrete and rust from any
exposed reinforcing steel. Finally, the surface is blown clean with compressed air. Prior
to placement of the latex-modified concrete overlay, the déck’ is wetted, to prevent
excessive absor;ﬁtion and early drying of the Jatex emulsion. This step is normally
performed within the 24 hours preceding placement.™

The concrete can be mixed and p.laced using any conventional equipment, but the
use of continuous mixers and self-propelled roller finishers is the more common
approach.!! Ahead of concrete placemeht a latex slurry is broomed into the deck sarface
to enhance the bond between the latex-modified concrete and the bridge deck. Care must
be exercised to avoid applying the slurry too far ahead of the concrete placement
operation, to ensure that the slurry does hot prematurely set.

The freshly placed latex-modified concrete surface must be finished as rapidly as
possible before the latex film begins to form. Brooming or tining done after film
formation will tear the surface and destroy the integrity of the latex film. Immediately
after the finishing operation, wet burlap covered with polyethylene film must be applied
to keep the top surface moist for approximately 24 hours. Afier this initial moist cure,
the overlay is allowed to cure in air. Latex-modified concrete cures at about the same

rate as conventional concrete.!!
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A properly applied latex-modified concrete overlay may be expected to perform
for a minimum of 20 years.!® Minor overlay debonding has occurred, but is usually
related to improper construction techniques.! Latex-modified concrete is especially
susceptible to plastic shrinkage cracking if curing is not begun immediately after
placement. Severe flexural cracking in the overlay of some installations has also been
reporied.! Any cracking that develops should be sealed as soon as possible, as the cracks
destroy the integrity of the overlay, allowing water, oxygen and chlorides access to the

bridge deck substrate.

2.7 Low-Slump Dense Concrete Overlays

Low-slump dense concrete (LSDC) overlays are usually applied in thicknesses of
2 to 3 inches. Low-slump dense concrete typically has a maximum water/cement ratio
of 0.34, a maximum slump of 1 inch, and an air content of 6.0 + 1.0 percent.?? To
achieve the desired air contént, low-slump dense concrete often requires up to 10 times
the normal air entraining admixture dosage.' A l-inch thiék layer of low-slump dense
concrete generally provides the same protection against chlorides as 2 inches of concrete
made with a 0.50 water/cement ratio.!

As with latex-modified concrete overlays, low-slump dense concrete must be
applied to a clean, sound surface. The bridge deck must be scarified to remove unsound
concrete, sand blasted to clean laitance from the concrete and rust from any exposed
reinforcing steel, and blown clean with compressed air. Unlike latex-modified concrete,
which requires the deck to be wetted, low-slump dense concrete overlays must be placed
on a dry substrate.' The use of a mortar slurry ahead of concrete placement enhances
the bond between the overlay and the deck.

There have been a few cases of overlay debonding caused by improper
construction practices and inefficient substrate tex.turing.1 When constructed propeily,

the bond between the low-slump, dense concrete overlay and the bridge deck should be
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durable; however, the bond can be affected by thermal cycling, repeated loading, and
welting and drying.! Due to the low water/cement ratio, low-slump dense concrete is
especially susceptible to plastic shrinkage cracking if not properly cured. Cracks should

be immediately sealed to prevent chloride and water ingress,

2.8 Polymer Impregnated Concrete

A method of protection that is especially suited for new decks is polymer
impregnated conérete (PIC). The deck surface is impregnated to a depth of not less than
Linch with a liquid monomer which is subsequently polymerized in place.'*  After
polymerization has occurred, the resulting material consists of two inferpenetrating
networks: the original network of hydrated cement concrete and an essentially continuous
network of polymer that fills most of the voids in the concrete.'” This method effectively
seals the deck from chloride, water and oxygen intrusion. The most common polymer
system used for impregnating concrete is methyl methacyrilate (MMA), often with
trimethylolpropane trimethacrylate (TMPTMA) added as a cross-linking agent.!?

Before the concrete can be impregnated, the deck surface must be clean and free
of asphalt, rubber,l and oil. The bridge deck is then dried to a depth greater than the
desired depth of impregnation using gas fired or electric-infrared heaters. Drying is
required to rid the concrete voids of water, which impedes or blocks the diffusion of the
monomer and limits the amount that may be absorbed into the concrete.* Because of the
extreme volatility of methyl methacrylate, the deck must be allowed to cool before -
application of the monomer.

The methyl methacrylate monomer is initiated, usually with benzoyl peroxide
(BPO) or methyl ethyl ketone peroxide (MEKP), prior to application. The bridge deck is
covered with a %- to Ya-inch .1ayer of dry sand and then saturated with the liquid
monomer system.!* The monomer diffuses into the deck under gfavity and capillary

action. Generally, two or three applications of the monomer are required during the
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impregnation cycle. This process is usually performed at night, since solar radiation may
cause premature polymerization,

Polymerization of the monomer in the concrete can be achieved by either the
thermal-catalytic method or the promoted-catalytic method.® In the thermal-catalytic
method, polymerization is accomplished by applying sufficient heat to the concrete to
raise its temperature to between 165°F to 185°F.}* Electric ovens, hot water, or steam
can be used as the heat source. The primary advantage of thermal-catalytic
polymerization is that the polymerization rates are very rapid, thus processing time is
short.?3

To allow polymerization to occﬁr at room temperature, without the application of
heat, the promoted-catalytic method can be used. A promoter is added to the monomer
system prior to application. This promoter accelerates the decomposition of the initiator,
which, in turn, causes polymerization. Difficulties in obtaining predictabie poly-
merization rates and in matching the onset of polymerization with the monomer
saturation time are two disadvantages of this method. !

Polymer impregnated concrete has been shown to have improved tensile, flexural,
and compressive strengths. Abrasion resistance, permeability, and resistance to freezing
and thawing are also greatly improved.’® Increases in strength in partially impregnated
concrete are not as great as the increases in full-depth impregnation; therefore, it should
generally not be assumed that pariial impregnation significantly increases the strength of

a member.

2.9 Polymer Concrete Overlays

Polymer concrete (PC) is a composite material of mineral aggregates bound in a
poiymer binder matrix. Polymer concrete overlays provide durable and wear-resistant
surfaces for portland cement concrete bridge decks, and can be formulated to provide low

water and chloride permeabilities.'® Polymer concrete properties include rapid curing at
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ambient temperature, high strength, good adhesion to concrete surfaces, long-term
freezing and thawing durability, low permeability to water and chlorides, and good
che.mical resistance.’ Polymer concrete overlays may be placed in thicknesses from /s
inch to 1 inch, reducing the dead load and clearance problems of other overlay systems.*

Polymer concrete overlays must be applied to a clean, dry, physically sound
substrate. Surface preparations include scarifying to increase surface roughness and
remove unsound concrete and sand blasting to remove laitance and clean exposed
aggregate and reinforcing steel.!”

Prior to mixing and placement of the polymer concrete overlay, a prime coat of
the polymer binder or other polymer is applied to the deck surface. The primer
penetrates microcracks in the concrete substrate to seal them and yield a sound, étrong
surface for overlay bonding.* The primer also prevents the polymer concrete binder from
being absorbed into the portland cement concrete deck and thus removed from the
overlay.

Polymer concrete is mixed in a portable concrete mixer or in a continuous mixing
machine. .If a concrete mixer is used, the resin system components are thoroughly
blended to ensure proper mixing before the fine and coarse aggregate portions are added.
The mixed concrete is placed on the deck surface and then spread and compacted, usually
using a vibrating screed.’® Some overlays require a final broadcasting of blasting sand,
prior to resin gelling, to provide a skid-resistant surface. The surface can be further
finished by tining after the polymer concrete has first started to gel or by sawing grooves
after the overlay has hardened.

Polymer concrete can be made with any suitable polymer binder. The most
commonly used binders, in order of decreasing cost and increasing popularity, are epoxy

resins, high molecular weight methacrylates and methyl methacrylate acrylic resins, and
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polyester-styrene resin systems. Binder costs vary from about $3.50 per pound for epoxy

resins to about $1.10 per pound for polyesters.®®

2.9.1 Epoxy Binder

Epoxy resins are usnally formulated in two-component systems which are mixed
1:1 or 2:1. Epoxy resins are generally slow setting and continue to gain strength for
weeks; however, resins can be formulated to support traffic within two or three hours.
Epoxy has a high viscosity and a puity-like concrete consistency, is impermeable to
water and chlorides, has good resistance to abrasion, has relatively low initial shrinkage,

has good adhesion characteristics, and has excellent chemical resistance.*

2.9.2 Methyl Methacrylate Binder

Methyl methacrylate (MMA) bonds very well to a dry portland cement concrete
sarface. The methyl methacrylate ‘initiator/promoter system consists of an organic
peroxide, such as benzoyl peroxide (BPO) or methyl ethyl ketone peroxide (MEKP), and
a metal drier, usually cobalt naphthenate. The amount of initiator and promoter can be
varied to provide 30 to 60 minutes of working time before gelling occurs. Methyl
methacrylate concrele is impermeable to water and has excellent abrasion resistance.
The material is, however, extremely volatile, and should not be used when high

temperatures or winds are present, as excessive evaporation could result.?

2.9.3 High Molecular Weight Methacrylate Binder

High molecular weight methacrylate (HMWM) was developed specifically to
address the volatility problems of methyl meth'acrylate.“ High molecular weight
methacrylates can be directly substituted for methyl methacryiate, and used in concrete as

explained previously.
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2.9.4 Polyester-Styrene Binder

Polyester resins are among the most versatile and readily available polymers. The
most common polyester resin system used for polymer concrete is an unsaturated
isophthalic polyester dissolved in a styrene monomer, with methyl ethyl ketone peroxide
(MEKP) and cobalt naphthenate used as the initiator/promoter system. During
polymerization, the styrene cross-links with the main polyester chains to form a three-
dimensional network." |

The polyester-styrene resin is usually supplied with the promoter already added in
an amount necessary for room-temperature curing. The amount of initiator added can be
varied to provide a working time of 30 to 60 minutes. Often a silane coupling agent is
also included, to enhance the bond strength between the inorganic aggregate and the
organic polymer.

Polyester is formed through an esterification process in which an organic acid and
an alcohol are combined to yield an ester and water.'® An ester is the organic equivalent
of the inorganic salt obtained from the chemical reaction between an inorganic acid and
base. Like the inorganic reaction, the esterification process is reversible; a re-
introduction of water unde; favorable conditions will convert the polyester into its
original constituents.” For this reason, moisture in aggregates must be kept below one-
half of the aggregate's absorption capacity.*

Aithough alkali-resistant polyesters are available at additional cost, typ'ical
polyester-styrene resin is sensitive to the high-pH environment of portland cement
concrete.* This sensitivity can, in time, result in a loss of bond between the ovérlay and
the bridge deck; therefore, a prime coat is required. High molecular weight methacrylate

is often used as a primer for polyester-styrene overlays.
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Polyester-styrene resin also exhibits high shrinkage during curing that can result
in debonding or cracking.'” To minimize shrinkage effects, a high aggregate content in

polyester-styrene polymer concrete is essential.

The physical properties which make polyester-styrene polymer concrete a suitable

choice for overlays are described in Chapter 4.
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Water + Salt (NaCl) + Oxygen

Figure 2-1. Infiltration of Deicing Salt (chloride ions), Water, and Oxygen into Bridge
Deck Concrete (After Ref. 5).

Figure 2-2.  Differential Chloride Concentration in Contaminated Bridge Deck
Concrete (After Ref, 5).
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Figure 2-3. Electrical Current Flow in Contaminated Bridge Deck (After Ref. 5).

Crack Reinforcing Steel

Corrosion Products

Figure 2-4. Cracking in Bridge Deck caused by Corrosion Products (After Ref. 5).
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Chapter 3 |
Protection of Bridge Decks in Nevada

3.1 Introduction |

- An early goal of this research project was to identify a bridge deck protection
strategy which would provide adequate reinforcing steel protection at a reasonable cost.
As an aid to identifying the various types of protective systems which have been used in
Nevada in the past, a database of protected bridges was compiled. In addition to
identifying the various protection systerﬁs, the database was designed with a view toward
tracking the long-term effectiveness of installed systems. |

For ease of use and updating, the protective system database was designed as a
two-dimensional worksheet, or flat-file database, using Microsoft® Excel for Windows2®
on an IBM®-compatible computer. This format provides two benefits: expensive
relational database management software is not required, and the database can be readily
used with Lotus® 1-2-3 spreadsheet software.

Information for the database was gathered from Nevada Department of
Transportation (NDOT) contract records and plans, structural inspection records, and the
National Bridge Inventory*! (NBI) records. For each bridge with a protective system, the
following information was recbrded:

¢ Bridge type and number, and direction if more than one structure has the same
number, e.g., eastbound and westbound on divided highways. The bridge type
and number is the primary identification method for structures in Nevada. Bridge

structures are divided into five main categories: bridges over waterways (B),

culveft Structures with a span greater than 20 feet (C), railroad/highway grade

separations (), other road/highway grade separations (H), and interchanges on
controlled-access highways (I). Culvert structures were not included in the

database.
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e Route class.ificatio_n and number. Federabaid.mutés are classified as Interstate
highways (FAD); primary highways (FAP), such as U.S. highways; secondary
highways (FAS), such as important state routes and business loops; and urban
highways (FAU), such as expressways and major arterials. The route
classification and number is used to locate the structure and to identify the type of
facility carried by the structure. Private, city, and county bridges not under the
direct responsibility of the Nevada Department of Transportation were not
included in this study.

e Milepost location by county. In Nevada, highway mileposts are designated by
county, with milepost locations beginning at zero at the west or south county line.
All bridges in Nevada have a specific milepost location. The county codes used
in the database are: |

CC  Carson City,

CH  Churchill County,
CL.  Clark County (Las Vegas),
DO Douglas County,
EL  Elko County,

ES Esmeralda County,
EU  Eureka County,

HU  Humboldt County, -
LA  Lander County,

L1 Lincoln County,

LY  Lyon County,

MN  Minera! County,
NY  Nye County,

PE Pershing County,
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ST Storey County,

WA Washoe County (Reno), and

WP White Pine County.
Structure name and descriptive location, as listed in the Nevada Department of
Transportation's bridge index.??
Type of structure, ¢.g., concrete deck slab, concrete box girder, steel plate girder,
etc., obtained from the bridge construction plans, and the year the structure was
built, NBI item 27. This data provides information for tracking past and future
performance of various deck protection strategies. Certain protection systems
may undergo different detrimental effects on different types of structures, e.g.,'
excessive cracking of overlays on long-span prestressed structures.
Average daily traffic across the bridge and the year the average daily traffic was
determined, NBI items 29 and 30, respectively. These items provide an estimate
of the amount of traffic a bridge carries. A bridge with higher traffic can expect
its protective system to deteriorate faster, requiring increased maintenance.
Number of traffic lanes on the bridge, NBI item 28. This item is important in
determining the average lane traffic. Lanes with a high traffic volume can expect
to exhibit faster wearing surface deterioration and, subsequently, increased
 maintenance expenses.
Design load of the structure, NBI item 31. The design load is listed as the
AASHTO loading used in the structure's design, e.g., H-15, HS-20, modified
HS-20, etc., and is useful in determining the bridge's overload capacity.
Angle of bridge deck skew in degrees, NBI item 34. This information was
included to aid in tracking deteriofat‘ion of protective overlays near the acute
angle corners of skewed bridge decks. A "99" value indicates a curved bridge or

other bridge with changing or multiple skew angles.
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¢ Number of spans in the structure, sum of NBI items 45 and 46, and the overall
structure length and the length of the longest span, NBIT items 49 and 48,
respectively.  This information may be of use in tracking deterioration lof
protective systems due to excessive deflections, moment cracking, or thermal
streéses and strains.

¢ Roadway width from curb to curb and overall width of the structure, NBI items
51 and 52, respectively. This data was included to aid in tracking protective
system deterioration caused by transverse flexure in wide structures.

¢ Current protection system and previous system, if applicable. This information is
needed to identify the types of protection systems employed in the state of
Nevada, and to track the performance of installed systems. Information for
protective systems includes the type of protective system, e.g., waterproofing,
low-stump dense .concrete averlay, etc.; the bid cost and pay unit for the
protection system; and the contract number and year in which the protective
system was installed.

A complete listing of the database is presented in Table 3-1.

3.2 Protection Methods Used in Nevada

Nevada lies in the rain-shadow of the Sierra Nevada mountain range and is a
desert region; however, several north-south ranges which accumulate snow in the winter
lie within the state. Major highwayé traversing these mountains are kept clear in the
winter using snow-removal equipment and road deicing salts mixed with sand. Several
bridge deck protection strategies have been use& in Nevada, including impermeabie
- membranes with asphalt concrete overlays, latex-modified concrete overlays, and low-
slump dense concrete overlays, each with only marginal success.®

Impermeable membrane systems with asphalt overlays were the earliest form of

overlay protection, replacing linseed oil sealers as the preferred method of protection.
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When applied properly, these systems performed adequately; however, the relatively
short life-span of the asphalt concrete overlay combined with several instances of overlay
stripping, due to freezing and thawing action, made seeking alternatives desirable.

The first alternative to be tried was the latex-modified concrete overlay. Several
systéms were installed, but few were successful. Two notable debonding failures are the
Winnemucca Viaduct (H-869E/W) and the Winnemucca Bouievard~EaSt Interchange (I-
874E/W) on Interstate 80. These systems were placed in 1981 and have debonded to
such an extent that they had to be completely removed from the structures within the first
10 years. Almost all problems with latex-modified concrete overlays have been due to
incorrect concrete formulation and/or placement.® The low humidity, high daytime
temperatures, and windy conditions common in Nevada serve to make placement of
latex-modified concrete difficul.

The problems associated with latex-modified concrete overlays led to the use of
low-slump dense concrete overlays beginning in the early 1980s. While there have been
some problems with localized debondin;g, chiefly as a result of improper surface
preparation,® most low-slump overlays have performed satisfactorily. Unfortunately,
many low-slump overlays are now beginning to show signs of excessive cracking due to
transverse flexure in the bridge deck. Some pattern cracking has also been noted in the
acute-angle corners of skewed bridge decks.

Based on successful use in California, the protective system of choice in Nevada
today is the polyester-styrene polymer concrete overlay. Polyesternstyrene overlays have
been placed on si;{_teen bridges in Nevada over the last two years, and selvcra.’t more are.

planned for the near future.®
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_ Chapter 4
Comparison of the Engineering Properties of Polyester-Styrene
Polymer Concrete and Portland Cement Concrete

4.1 Introduction

This chapter is concerned with the use of polyester-styrene polymer concrete as a
bridge deck overlay material. Polymer concrete overlays provide dﬁrable and wear-
resistant surfaces for portland cement concrete bridge decks, and can be formulated to
provide low water and chloride permeabilities.**

The bond between the polymer concrete overlay and the portland cement concrete
substrate is generally stronger than the strength of the portland cement concrete itself,
resulting in a composite section with distinct areas of different physical properties. In
order to study the effects of composite action and the behavioral differences between
portland cement concrete and polymer concrete, a knowledge of the material properties
of polymer concrete must be obtained. This chapter presents an overview of the
engineering ﬁroperﬁcs of polyester-styrene polymer concrete and offers a comparison of

these properties to those of conventional portland cement concrete.

4.2 What are Polymers?

"Plastic products” is what usually comes to mind when one hears the term
"polymer," but polymers embody a broader list of materials than just the familiar ones:
nylon clothing; PVC pipe, bottles, and record albums; polyethylene bags; and
polystyrene fast-food containers. DNA, leather, and natural rubber are also polymers.
Pbiymers are composed of long chain-like molecules consisting of repeating basic units
called monomers.??

The polymer binders typically used for polymer concrete bridge deck overlays
include aérylic resins, polyester,reéins, and epoxies. This study is concerned with a

binder composed of unsaturated isophthalic polyester dissolved in a styrene monomer.
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4.3 Hydration, Polymerization, and Binder Mechanisms

Portland cement concrete is a mixture of coarse and fine aggregates, portland
cement, water, entrapped or entrained air, and frequently, various admixtures propor-
tioned, mixed, and cured to develop the required hardened properties. The primary
function of the mixing water is to allow the calcium silicate molecules in the cement
particlés to undergo a chemical reaction, called hydration, to produce calcium hydroxide
and calcium silicate hydrate. The engineering properties of concrete, such as setting and
hardening, strength, and dimensional stability, depend primarily on the calcium silicate
hydrate gel.?*

| In hardened portland cement cdncrete, the calcinm silicate hydrate particles form
dense, bonded aggregations between the other crystalline phases and the remaining
unhydrated cement grains. These particles also adhere to the coarse and fine aggregales,
cementing everything together.

Polymerization, often called "curing” or "hardening,” is the process of forming
long polymer chains from individual monomer molecules.®® Polymerization is an
exothermic chemical reaction in whiéh chain growth occurs as a result of the presence of
reactive molecules, called free-radicals.

Polymer concrete is a mixture of coarse and fine aggregate and a polymeric
binder which replaces the portland cement/ water binder of conventional concrete. U.pon
subsequent polymerization of the initiated binder, a hardened concrete mass results. In
contrast to the Hydrated cement, which consists of separate binder particles cemented
together, polymer binders represent a continuous phase~—the binder is essentially one

piece, with the aggregate locked inside.
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4.4 Typical Mix Designs

To highlight differences belween the mix proportions in a typical portland cement
concrete mix and a polyester-styrene polymer concrete mix, an exandple of each is
presented in this section, as well as the descriptions of polyester-styrene concretes from

previous research projects.

4.4.1 Portland Cement Concrete
A typical mix design for portland cement concrete® consists of the following

material proportions:

Portland cement, Type Tor I .ovovevviiiiieeeeeeeeeee e, 560 Ib/yd3
Coarse aggregate (% inch maximum) .......o..coeeeseurvverreornnn, 1710 Ib/yd3 -
Fine aggrégate (fineness modulus = 2.8) oo, 1075 Ibfyd3
WALET-CEMENL TALO.....eiiicieiiiiie e 0.50 .
Air content............... e e e st bt e e b neernaaesans 6.0 percent

This mixture was laboratory tested and yielded a compressive strength of 3300

psi after 7 days, and over 4000 psi after 28 days.

4.4.2 Polymer Concrete
A typical polyester-styrene polymer concrete mix design®’ for bridge deck

overlays consists of the following components:

Unsaturated polyester in styrene monomer................ 12 percenﬁ by weight
Methy! ethy! ketone peroxide initiator..........oceceveeveene.. 0.8 percent of resin
Cobalt naphthenate promoter.......ocoviveeecervivecriveee e (.4 percent of resin
y-methacryloxyprophyltrimethoxysilane coupler .......... 1.0 percent of resin
Combined coarse and fine aggregate .......cooevvvennnnnn.. 88 percent by weight
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4.4.3 Polymer Coneretes from Previous Research

The properties of polymer concrete discussed in the remainder of this chapter
were derived from four research projects. This section presents.descriptions of the mix
designs which were used to develop the results. |

In a paper presented at the First International Congress on Polymer Concrete,
held in London in 1976, K. Kobayashi and T. Ito discussed the properties of an
unsaturated polyester resin concrete.®® This concrete consisted of 11 percent (by weight)
unsaturated polyester (61 percent) in styrene monomer (39 percent). Methyl ethyl ketone
peroxide (MEKP) and cobalt octenate were used as the initiator/promoter system, and y-
methacryloxyprophyltrimethoxysilane was used .as a silane coupling agent. The
maximum aggregate size used was %-inch, Concrete specimens were cured at 68°F for
the first 24 hours, followed by an additional 15 hours at 158°F. This elevated
temperature resulted in a significant increase in compressive strength of the polymer

concrete, compared to the other test projects. The concrete produced had the following

properties:
Compressive Sength, ' e 20,000 psi
Splitting tensile Srength, frs . covivrnierrrieeier et 1600 psi
Modulus of elastiCity, E ....ccooverremrranrinierneee e 4.4 x 106 psi

Another paper, by R. C. Valore, Jr. and D. J. Naus, presented at the First
International Congress on Polymer Concrete was based on combinations of rigid,
resilient, flexible, and "low shrinkage" polyester resins.”” The unsaturated polyester resin
contained styrene monomers in amounts of 20 to 40 percent by weight. Methyl ethyl
‘ketone peroxide and cobalt naphthenate were used as the initiator/promoter system, the
maximum aggregate 31 ze was */s-inch, and no silane coupling agent was employed. The

concrete properties were as follows:
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Compressive strength, f'o v 9000 - 16,100 psi

Splitting tensile SUEngth, fio covovorrerriieirereeeeisicee e 1400 - 2300 psi

Modulus of eIastiCity, Epvvvrererererieieirrorseseeseeeeeerenenn. 1.2 - 4.6 x 106 psi

C. Vipulanandan and E. Paul performed laboratory testing on both epoxy and
j}olyester polymer concretes.’® A variety of aggregate combinations were used, but the
majority of testing for polyester systems was performed using a concrete composed of 15
percent (by weight) unsaturated polyester-styrene binder with Ottawa 20-30 sand
aggregate. Several curing methods were employed to evaluate effects on strength
properties; the methods included é 24-hour cure at room temperature followed by 24
hours at room temperature or at various elevated temperatures. All testing was
performed after the 2-day curing period. As was the case with the Kobayashi and Ito
research, the specimens cured at elevated temperatures exhibited higher strength

characteristics. Typical properties for the polymer concretes tested were:

Compressive strength, ' .o ovoiviiieiniirei e 7000 - 10,000 pst
Splitting tensile strength, fry coooveeviiiir e 450 - 1300 psi
Modulus 0f elastiCily, Ep...cccovereererrrremrereerinsiresienerecns 0.7 - 1.0 x 100 psi

The fourth set of data was published by the California Department of
Transportation.’’  No information is available as to the actual concrete composition;
however, the resin loading was specified as 11 percent by weight, using */s-inch

maximum aggregate size. Properties were described as follows:

Compressive Strength, F e i 7500 psi
MOoAUIUS OF TUPLULE, f cvvvveeiiririeietecrieen et esee e es e e 2000 psi
Modulus 0Of €lastiCity, Ep..overrerrorvereriinreeeirsressneresnens 1.6 - 2.4 x 100 psi
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4.5 Principle Properties

4.5.1 Compressive Strength

Compressive strength is the measured maximum resistance to axial loading,
expressed as force per unit of cross-sectional area. Because most concretes are
comparatively weaker in tension than compression, concrete structures are usually
designed so that the concrete is in compression; thus, the compressive strength, f ‘o 18 an
important property of hardened concrete.”> The 28-day compressive sirength of a typical
structural portland cement concrete is in the range of 4000 psi to 6000 psi, as measured
in the laboratory using 6-inch diameter by 12-inch high cylindrical specimens. As shown
by the research projects described in the previous section, polyester-styrene polymer
concretes have compressive sirengths whic.h range from 7000 psi to 20,000 psi,

depending on resin formulation, amount of initiator and promoter, and temperature.

4.5.2 Modulus of Elasticity

For many materials, strain is directly proportional to stress up to a certain limit.
The constant value of stress divided by strain is known as the modulus of elasticity, and
is an indication of the stiffness or resistance to movement of a material. Even though
most concretes do not possess a perfectly linear relationship between stress and strain, an
approximate value is often used because the modulus of elasticity is a convenient
parameter. Figure 4-1 shows typical stress-strain relationships for portland cement
concrete and illustrates the range of polyester-styrene polymer concretes that can be
formulated.

An empirical formula for the modulus of elasticity in‘compression has been

developed for portland cement concrete and is given in the ACI building code:*

L E, =33 w1‘5ﬂ/f’c,
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in which w is the unit weight of the concrete in Ib/ft3, and f ¢ is the concrete compressive
strength in psi.

Similar relationships were derived for polyester-styrene polymer concrete by
Valore and Naus and by Vipulanandan and Paul. Valore and Naus' equation® is based

on compressive strength testing of 3-inch diameter by 6-inch high cylindrical specimens:

E,=17wl3~Ff7.

C. Vipulanandan and E. Paul's equation® is based on the least-squares fit of their

data for polyester-styrene concrete made with Ottawa 20-30 sand:

E.=10,200/7".

Table 4-1 presents a summary of calculated versus several measured values of E,
for the polymer concrete. the that Valore and Naus' equation appears to be relatively
accurate compared with the other researcher's measured values, with the exception of
Vipulanandan and Paul. Conversely, the Vipulanandan and Paul equation appears
accurate only with their own observations. This may be the result of their particular
concrete mixture: the use of Ottawa 20-30 sand requires a greater resin content than
would be necessary with a blend of coarse and fine aggregates. With increasing resin
content, the concrete's properties begin to be influenced more by the resin properties and
less by the aggregate properties. Since the cured resin exhibits a lower modulus of
elasticity than the concrete, additional resin content in the concrete will tend to lower the
concrete’s modulus of elasticity.. Figure 4-2 graphically presents the differences between
the Valore and Naus equation and the Vipulanandan and Paul equation. The Valore and
Naus curve was generated using a unit weight, w, value of 145 lb/ftj, a typical value for
concretes made with a blend of coarse and fine aggregates. Note, also, that the

Vipulanandan and Paul curve is for concrete with a unit weight of 124 Ib/ft3.
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Based on the Valore and Naus equation, for the same compressive strengths and
unit weights of concrete, the portland cement concrete is almost .twice as stiff as the
polymer concrete. For the typical values of f', = 4000 psi for portland cement concrete
and f'. = 8000 psi for polyester-styrene concrete, the values of E. are approximately

3.6 % 106 psi and 2.6 x 106 psi, respectively.

4.5.3 Splitting Tensile Strength

The strength of concrete in tension is a major factor in the extent and size of
cracking in structures. The tensile strengths of portland cement concretes and polymer
concretes are typically determined using the s;ﬁlit—cylinder test, a method based on the
theory of elasticity for a homogenéous material in a biaxial state of stress.®* A
cylindrical specimen, typically 6 inches in diameter by 12 inches Iong, is placed in the
testing machine lying on its side and a compressive load is applied uniformly along the
length of the cylinder; the cylinder will split in half when the tensile strength is reached.
The tensile strength of portland cement concrete has been empirically found to be related

to the compressive strength:*

fu=67Nf".

In their research program, RC Valore, Jr. and D; J. Nauvs performed split-
cylinder tests on polyester-styrene polymer concrete using 3-inch diameter by 6-inch
long specimens loaded at a rate of les§ than 2 ksi per minute. The results revealed that a
relationship similar to that of porﬂand cement concrete held for polyester-styrene

concrete: %

fer:Mm-
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Based on testing of 1-1/2 inch diameter specimens of polyester-styrene polymer
concrete made with Ottawa 20-30 sand, Vipulanandan and Paul determined that a linear

relationship between splitting tensile strength and compressive strength existed:°

far=0.11",.

Table 4-1 lists a comparison of calculated Jor values to laboratory measured
values. Both the Valore and Naus equation and the Vipulanaﬁdan and Paul equation give
the same result for the Kobayashi and Ito test results, overestimating splitting tensile
strength by approximately 20 percent; however, the Valore and Naus equation is a
significantly better fit with their own data than is the Vipulanandan and Paul equation.
Figure 4-3 presents a comparison of the Valore and Naus equation and the Vipulanandan
and Paul equation for splitting tensile strength. Both equations provide similar results in
the compressive strength range f', = 18,000 to 20,000 psi. Below this, significant
differences occur, with the greatest difference occurring at approximately 1", = 5000 psi,
where the Vipulanandan and Paul equation produces a result one-half the value of the
Vaiore and Naos eqﬁaﬁon. Values for splitting tensile strength which are omitted from
Table 4-1 indicate that measured data was not reported in the respective researcher’s
literature.

Using the Valore and Naus equation, for a given value of compressive strength,
polyester-styrene polymer concrete has a tensile strength more than twice that of
conventional portland cement concrete. Because polymer concretes generally have
compressive strengths greater than portland cement concrete, a significant difference in
splitting tensile strength is realized (a factor of approximately three): 1250 psi for
polyester-styrene concrete with f', = 8000 psi, compared to 425 psi for portland cement

conerete with £, = 4000 psi.
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4.5.4 Modulus of Rupture
Tensile strength in flexure, known as modulus of rapture, is important when |
considering cracking and deflection of bridge decks. The modulus of rupture, f,, is
‘calculated using the flexure formula, f = Mc/I, where M is the bending moment applied
to a prismatic specimen, ¢ is the distance from the neutral axis to the extreme tension
fiber, and I is the moment of inertia of the specimen in the direction of bending. The
standard modulus of rupture specimen is a 6-inch by 6-inch by 18-inch beam. After
moist-curing for seven days, the specimen is tested to failure using a third-point flexure
loading system. The third-point loading test generally results in a higher tensile strength
value than the split-cylinder test, primarily because the compressive stress distribution is
not linear when tensile failure is imminent as is assumed in the computation of the
nominal Mc/I stress.** 1t is generally accepted that an average value for the modulus of

rupture in portland cement concrete may be calculated usin g the following formula:*?

fr=15F".

Flexural strength values for polyester-styrene concrete were determined by
Valore and Naus, using third-point bending tests with 2-inch by 2-inch by 12-inch
prismatic specimens. Based on this testing a relationship for polyester-styrene concrete

was derived:?

fr=25r"..

A comparison of measured values to those calculated using this formula shows
that the formula estimates the modulus of elasticity with reasonable accuracy. Table 4-1
shows this comparison. Other researchers listed in Table 4-1 did not report measﬁrad
values for modulus of rupture, so the accuracy of the Valore and Naus equation has not

been cross-verified.
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Using typical values for portland cement concrete, f', = 4000 psi, .and polyester-
styrene concrete, f'. = 8000 psi, the resulting flexural strengths are 335 psi and 2235 psi,
respectively. On the average, polyester-styrene concrete has over 6.5 times the flexural

strength of portland cement concrete.
4.6 Other Properties

4.6.1 Thermal Expansion Characteristics

Thermal expansion of portland cement concrete is affected by mix proportions,
moisture content, age of the concrete, and coefficients of thermal expansion of the
individual concrete components. For a given moisture content and concrete mix, thé
coefficient of thermal expansion of the aggregate is the most significant parameter. The
coefficient of thermal expansion for hardened portland cement concrete, ¢, typically
ranges from 3.5 x106/°F to 6.5x 10-6/°F; when a precise value is not required,
5.5 x 10-6/°F is usually used.?

The coefficient of thermal expansion for rigid, cured polyester-styrene resin is
approximately 40 x 10-6/°F. For flexible ‘polymer concrete, the thermal expansién
coefficient approaches 13.3 x 10-6/°F, and for rigid polymer concrete, the coefficient
approaches 7.7 x 10-6/°F.% .The rigidity (or flexibility) of a polyester-styrene system is
dependent upon the resin formuolation. The différence between values of the thermal
expansion coefficient for the polymer concrete and the unfilled resin can be attributed to
the thermal expansion coefficients of the aggregate, as with portiand cement concrete,

| Polyester-styrene polymer concréte used for bridge deck overlay purposes usually
incorporates a more flexible resin. Thus, the resulting thermal expansion coéfficient, o,
is equal to approximately 13 x 10-5/°F,%® which is somewhat greater than twice that of

portland cement concrete.
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4.6.2 Rate of Sirength Gain

The rate of strength gain is another important property, determining when
formwork may be removed and the structure self-supporting, when the structure can
support additional loads and, for bridge decks, when the bridge can be reopened to
traffic. Figure 4-4 shows a plot of strength verses time after placement; Figure 4-5
shows the same plot on a logarithmic time scale to better iltustrate the rapid strength gain
of the polymer concrete. Portland cement concrete which has been moist-cured typically
reaches 100 percent of its.design strength in 28 days, but continues to gain strength as
additional hydration occurs. Polyester-styrene polymer concrete typically reaches its full
compressive strength within 2 to 10 days, but generally has sufficient strength
(approximately 4000 psi) to allow reopening of the bridge deck within 4 to 6 hours after

overlay placement.

4.6.3 Sensitivity of Strength to Temperature

It is generally assumed that the strength of portland cement concrete does not
appreciably change over the relatively narrow temperature range from 0°F to 140°F.
This is backed by research®® which shows that the strength of concrete made with
siliceous aggregate may actually increase slightly before degréxding at extremely high
temperatures (greater than 800°F).

Because the polymer concrete's polyester-styrene binder is a plastic resin, it does
not enjoy such freedom from strength degradation. Test results show that strength
decreases almost linearly from 100 percent at 73°F to 75 percent at 14Q°F.2837
Following the same trend, another rescarch project noted a 27 percent decrease in
compressive strength when testing temperature was increased from 72°F to 250°F 20

Figure 4-6 illustrates the relationship betwéen temperature and compressive strength.
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4.6.4 Shrinkage

Shrinkage of concrete in beams and slabs may have an effect on deflection,
Shrinkage in an unrestrained plain concrete member would merely shorten it without
causing curvature or stress.’* However, in the presence of steel reinforcement, the bond
between the steel and concrete will restrain the shrinkage locally, resalting in curvature
in the member. The effect is similar in a polyester-styrene polymer concrete bridge deck
overlay: shrinkage is restrained at the overlay/deck bond surface and unrestrained at the
top surface. This can result in significant stresses at the bond interface.

The shrinkage stresses developed in a restrained member can be determined
knowing the modulus of elasticity and the shrinkage strain: o = E. gy ACI
Committée 209 has recommended that the foﬂowing expression be used for determining
shrinkage strain for any time, ¢, after age 7 days for moist-cured portland cement

concrete:**
_t
Egp = 35 + r(gsh)u s

where £ is the shrinkage strain at any time ¢ after initial curing, ¢ is the time in days
after curing, and ( ash)u is the ultimate shrinkage strain. The average value suggested for
(Egn)y is 800 x 10-6 inch/inch for 40 percent relative humidity, but the range extends
from 415 x 106 to over 1000 x 1063 Shrinkage in portland cement concrete is caused
by moisture loss; typically, 90 percent of the shrinkage will have occurred at the end of
one year. |

In contrast, shrinkage in polyester-styrene polymer concrete is a result of the
volume reduction due to the chemical reaction, i.e., the cross-linking of polymer chains,
which occurs during polymerization.'™* Figure 4-7 illustrates the shrinkage stresses that
developed in rigid and flexible polyester concrete specimens that were restrained from

shrinking. At the present time, there are no research data available to determine a
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numerical relationship to quantify shrinkage stress and strain for polyester-styrene

concrete as there are for portland cement concrete.

4.6.5 Creeﬁ

Creep is the property by which a material continues to deform with time under
~ sustained loads within the elastic range. The resulting inelastic deformation increases at
a lower rate during the time of loading.

In portland cement concrete, the mechanism of creep may be due to any one or a
combination of the following: crystalline flow in the aggregate and hardened cement
paste, plastic flow of the cement paste surrounding the aggregate, closing of internal
voids, and the flow of water out of the cement gel due to external load. and drying.**
Factors affecting the magnitude. of creep afe the constituents, proportions such as water
content and water/cement ratio, curing temperature and humidity, age at loading,
duration of loading, magnitude of stress, surface to volume ratio of the member, and
slump. A general prediction method uses a standard creep coefficient equation for a
concrete with 4 inches or less slump, 40 percent relative humidity, moist cured, and

which is loaded at the age of 7 days:*

creep strain
! initial elastic strain *

0.6

'Ct=10+t0.6cu’

where ¢ is the duration of loading (days) and C, is the ultimafe creep coefficient. The
typical range for C, is 1.3 to 4.15, with an average of 2.35.3* A plot of this equation is
shown in Figure 4-8. |
The mechanism for creep in polyester-styrene concrete is mainly viscous flow of
the polymer resin and has been found to be dependent on temperature,'loading stress,

time duration of loading, and volume fraction of resin® In their research, N.
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Dharmarajan and C. D. Armeniades developed a method for determining the creep
compliance for specific resin concrete mixtures. Creep compliance is defined as the ratio

of the creep strain to the applied constant stress:*

£
JpT,ov) = =8,

This equation can be converted to a form such as is used for portland cement

concrete by substituting ¢ = E, €, for o and rearranging the above equation:
Ecrp = B Einitiay N T O),

Erry '
— - E J1T,6v),
Einitial

C, = E, J(tT,cv).

Several of the parameters required in the creep compliance function, J, must be
-determined in the laboratory using the specific polymer concrete under consideration; at
the current time values for general application have not been determined.

The reseaich_also shows that stable creép in polyester-styrene concrete occurs up
to a stress-to-strength ratio of 0.6 regardless of resin content. Higher stresses resulted in
catastrophic creep, with failure occurring within only a few hours.* |

Research performed by R. D. Browne, M. Adams and E. L. French also showed a
temperature dependence.®® Figure 4-9 shows the effect of temperature on the creep of
portland cement concrete and two polymer concretes loaded 10 a stress-io-strength ratio |
of 17 percent. It can be seen that, after 100 days at 68°F, the flexible polyester has a
strain approximately nine times greater than the portland cement concrete. At an
elevated temperature of 150°F, the rigid polymer concrete fails after only five days.
These results indicate that polyesier-styrene concrete may not be suitable for structural

applications; however, in thin sections (such as bridge deck overlays), where the resultant
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deformation is very small, creep and sustained load indentation have not been found to

be a problem.*®

4.7 Summary

Polymer concrete is a mixture of coarse and fine aggregate and a polymeric
binder which replaces the portland cement/water binder of conventional concrete. Upon
subsequent polymerization, a hardened concrete mass results. In contrast to hydrated
cement, the polymer binder represents a continuous phase—essentially one piece of
material, with the aggregate locked inside.

Polyester-styrene concrete was found to have a higher compressive strength and
higher tensile and flexural strengths than portland cement concrete. The modulus of
elasticity of polyester-styrene polymer concrete can vary greatly from that of portland
cement concrete. Additionally, the coefficient of thermal expansion, amount of
shrinkage, and creep were found to be greater in polymér concrete than in conventional
concrete. Polyester-styrene concrete was found to gain compressive strength much more
rapidly than portland cement concrete, but the polymer suffers a reduction in strength as
temperature increases, exhibiting a 25 percent decrease in strength for a temperature

change from 73°F to 140°F.
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Figure 4-1.  Stress-Strain Curves for Polyester-Styrene Polymer Concrete and Portland
Cement Concrete (After Refs. 28, 30, and 31).
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with Duration of Loading (after Ref. 34).
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Chapter 5
Thermal Compatibility between Portland Cement Concrete
and Polyester-Styrene Polymer Concrete

5.1 Introduction

The bond between a polymer concrete of;crlay and the portland cement concrete
bridge deck is generally stronger than the portland cement concrete itself, resulting in a
composite section with distinct areas of different physical propertics. Because the
polyester-styrene concrete and the portland cement concrete exhibit different values of
coefficient of thermal expansion, o, and modulus of elasticity, E, composite action under
temperature change raises a concern.. To ensure against overlay failure, either debonding

or cracking, thermal performance was examined using two finite element models.

5.2 Temperature Loads on Highway Bridges

The effects of air temperature, wind, humidity, intensity of solar radiation, and
types of material combine to cause thermal loading in bridge decks.”® There are two
basic temperature cycles: diurnal and seasonal. The diurnal ¢ycle usually begins in the
early morning hours, just before dawn, when the air temperature reaches a minimum
value. Solar radiation causes the air temperatare to rise until the daily peak is reached,
usually in-the mid-afternoon, several hours before sunset. The air temperature then drops
to a low reached before dawn the next morning. Clouds, which shade the area or
produce precipitation, and the arrival of new air masses, either warmer or cooler, can
affect the diurnal. The seasonal temperature cycle results from changes in the sun's
relative position and distance from the earth,*°

There are generally two daily extreme conditions of temperature distribution
within the bridge deck. In the first extreme, the top and bottom surfaces of the deck have
different temperatures. This temperature differential is greatest in the afternoon, under

the influence of direct solar radiation. During the night, the bridge deck slowly loses the
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heat built up during the previous day. Because a temperature difference is required to
cause a transfer of heat, the deck temperature l_ags the decreasing air temperature. When
the air temperature passes its lowest point and begins to increase, shortly after dawn, it is
possible to reach a point at which the air temperature is the same as the bridge deck top
and bottom surface temperatures, and a uniform temperature exists in the deck.*® This
uniform, or isothermal, condition forms the second ex{reme.

The American Association of State Highway and Transportation Officials
{AASHTO) recommends that highway bridges be designed to accommodate stresses or
movements resulting from temperaturé variations.! For concrete structures located in
cold climates, the specified range is from 35°F above to 45°F below the assumed erection
temperature.

For this study, the specified temperatures were assumed to represent the éir
temperature, and thus the surface temperature in the shaded area on the underside of the
bridge deck. For each of the temperature extremes, 35°F increase and 45°F decreése, |
two conditions were examined: the isothermal case, where temperamres throughout the
deck section are the same, and the case where a temperature differential exists between
the top and bottom surfaces of the deck. The 35°F increase cases were assumed to
represent summer conditions, and the 45°F decrease cases were assumed (0 represent
winter conditions.

Several attempts have been made to quantify the temperature gradient that exists
within a bridge deck. Most research appears to be concerng:d with gradients through box-
girder type structures, since these afe more susceptible to thermal effects than solid slab
decks. However, in their paper, M. Elbadry and A. Ghali show a comparison of
temperature gradients for various slab thicknesses and box-girder section depths.*2
Figure 5-1(a) illustrates the gradient in a 0.25m (10-inch) slab, based on summer

climatological conditions in Calgary, Canada. A simplified temperature gradient was
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assumed for this research, as shown in Figure 5-1(b). The simplified gradient is a
second-order parabola with the axis of symmetry coincident with the bottom fiber of the

deck slab. The general equation has the form:
AT
1) =372+ Ty,

where T(y) 1s the temperature at point y, AT is the temperature differential between the
top and the bottom of the deck in degrees Fahrenheit, # is the slab thickness in'inches, y
is the distance in inches above the bottom of the deck slab, and 7, is the temperature at
the bottom of the slab. In the absence of more accurate temperature data for Nevada

bridges, a AT of 25°F in summer was assumed. The winter AT was assumed to be 15°F.

5.3 Concrete Properties

| The engineering properties for the polyester-styrene polymer concrete overlays
and the portland cement concrete bridge decks used in the finite element models are
shown in Table 5-1. Typical structural portland cement concrete used in Nevada is an
air-entrained concrete with a specified minimum compressive strength, [, of 4000 psi.
The modulus of Elasticity, E, was calculated to be 3.64 x 10 psi using the empirical

relationship:*? |
E.=33wlS~\[f.
The modulus of rupture, f,, value of 475 psi was based on the relationship:**

f,.£7.5‘\/—}'—’;.

A value of 5.0 x 10-6 /°F for the material's coefficient of thermal expansion was
used to account for the basalt-type aggregates commonly used in Nevada.*® The unit

weight and poisson's ratio values were assumed to be 145 1b/fi3 and 0.25, respectively.
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The polyester-styrene polymer concrete used for the bridge deck overlay was
assumed to have a compressive strength of 7500 psi*! The modulus of elasticity value,
E =257 x 106 psi, and the modulus of rupture value, f. = 2165 psi, were based on the

following empirical relationships:

E,=17wl5+ff",, and
fr=25v5".

A coefficient of thermal expansion value of 13.0 x 106 /°F, representative of
flexible resins, was chosen.”® The unit weight and poisson's ratio were assumed to be the

same as the porﬂand cement concrete: 145 1b/f13 and 0.25, respectively.
5.4 Thermal Compatibility Modeling

5.4.1 Description of Models

| For this analysis, the bridge deck was considered to be a one-way slab, with live
loads, dead loads, and thermal loads acting in the deck's transverse dirsction. This
assumption was made because the transverse direction generally controls the slab design.
Two finite element models were chosen to be representative of typical structares found in
Nevada. The first model, Model 1, consists of an 8-inch thick concrete slab with a %-
inch polyester-styrene polymer concrete overlay. A span of 8 feet was chosen to
represent a typical distance between supports in the transverse direction for an 8-inch
slab. Model 2 was based on an actual bridge that is scheduled to receive a polymer
concrete overlay. This bridge (B-1111E/W) is located on Interstate' 80 in Elko County,
Nevada, and carries traffic over the Humboldt River east of the Carlin Canyon tunnels.
This bridge is a 370-foot, 3-span composite steel girder, concrete slab structure with a

maximum span length of 152 feet. Figure 5-2 shows the deck cross-section for the
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eastbound structure. This model has a 9.5 inch thick deck and an 3-inch overlay. The
span between supports is 12.5 feet. Both models have a beam width of 1 foot.

A multi-span support arrangement, shown in Figure 5-3(b), was used for both
finite element models to minimize end effects in tﬁe analysis. The assumption of a pin-
type support at the center of the beam allows us to take advantage of symmetry, requiring
only half of the structure for the finite element mesh. This concept, illustrated in Figure
5-3(c), reduces the complexity of the models, and significantly decreases computation
time.. |

Figure 5-4 illustrates the three end restraint conditions which were considered.
The first condition, in which all three supports are rigidly fixed, represents a deck with
very stiff supports. In the second condition, the center and right supports are rollers,
allowing both rotation and translation. These two end restraint conditions were intended
to model the extreme cases under temperature loading, the first to produce the maximum
axial stresses in the materials, and the second to produce the highest interface shear
stresses. A third restraint condition, a cantiiever beam, was examined to ensure that the
first two cases did indeed represent the extremes. Analysis demonsirated that the
cantilever model was slightlj less critical than the roller-support restraints, for producing
interface shears, and not critical at all, compared to the completely fixed condition, for
p_roducing axial stresses.

For each end restraint condition, four temperature 1oading cases were examined in
Model 1. These included a 35°F increase with temperature constant through the section,
a 35°F increase with an additional 25°F differential temperature imposed across the
section, a 45°F decrease, with a constant temperature through the deck, and a 45°F
decrease with an imposed temperature differential, the top surface being 15°F warmer.
Analysis demonstrated that the controlling load cases were the 35°F increase with the

additional thermal gradient and the 45°F isothermal decrease. Since these controlled in
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the first model, a decision was made to include only these two loading cases when
analyzing Model 2.

The finite element meshes consist of 594 no.des with 256 three-dimensional solid
elements for Model 1 and 902 nodes with 400 three-dimensional solid elements for
Model 2. Figures 5-5 and 5-6 illustrate the finite element meshes which were used. The
analysis was performed on an IBM®-compatible personal computer using Celestial

Software's Images-3D™, a commercial finite element package.*
g P g

5.4.2 Generalized ACT Ultimate Strength Method

To check whether the stresses determined by the finite element analysis are low
enough to preclude an overlay failure, such as cracking or debonding, allowable limits
must be determined. Allowable unfactored stress limits were calculated using a
generalized approach to the American Concrete Institute (ACI) ultimate strength désign
method.®®*  While highway_ bridges are typically designed according to American
Association of State Highway and Transportation Officials (AASHTO) gﬁi_delines, the
ACT Building Code forms the basis for many of the AASHTO provisions. |

The procedure for the ultimate strength method is two-step. First, the ultimate
capacity of the structure is determined. as the nominal capacity multiplied by a strength
reduction factor. Second, the appropriate combination of loads is multiplied by load
factors. The ultimate strength must then be greater than the fac.tored loads. 1If the

ultimate strength is less than the applied factored loads, the design is unacceptable.

5.4.2.1 Compression in Portland Cement Concrete

In general, compressive stresses develop in the portland cement concrete bridge
deck as temperature increases. As the bridge deck warms, the material tends to expand,

resulting in thermal strains. If the movement is restrained, thermal stresses will develop.
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One assumption that is made in the ultimate strength method is that at the
nominal moment capacity, the stress in the tension reinforcing steel is equal to its yield
strength, and the stress in the compression concrete is equal to 0.85 f',, where f ‘o is the
compressive strength of the concrete. For this research, it was assumed that the bridge

deck was designed according to ACI-318 Eq. 9-1:33
U=14D+ 1.7L,

where U is the required strength, D is the applied dead load moment, and L is the applied
live load moment. It was assumed that the structure was designed with no additional

conservatism, i.e., the design strength is equal to the required strength:
OM,=14Mp+17M;,

or
$085f", =1.4D + 1.7L,

where D is the extreme compression fiber stress due to the applied dead load, and L is the
extreme compression fiber stress due to the applied live load.
ACI-318 Eq. 9-5 can then be employed to determine the inherent reserve capacity

for thermal stresses:
U=0.7501.4D + 14T+ 1.7L),

where U is the required strength, D is the applied dead load, 7 is the applied thermal
load, and L is the applied live load. If we again assume the required strength is equal to
the extreme compression fiber limit, ¢ 0.85 f',, and substitute ¢ 0.85 f', for 1.4D + 1.7L,

we obtain

¢ 0.85 ", =0.75 (¢ 0.85F', + 1.4T),
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which can be rearranged:

0.85¢f',=0.75 (0.85 ¢ £',) + 1.057,

_ 0.25(0.85 ¢ f")
¢ 1.05 ’

finally yielding,
T.=02¢f.

Since the thermal load acts as an axial load in combination with flexure, the value for the

strength reduction factor, ¢, is 0.70. Substituting this value gives
T, =0.14f",. (5-1)

For portland cement concrete with a compressive strength, £, of 4000 psi, Eq.
(5-1) produces an allowable unfactored compressive stress due to temperature equal to

560 psi.

5.4.2.2 Tension in Portland Cement Concrete

In general, tensile stresses dévelop in the bridge deck as temperature decreases.
In this study, tension capacity of portland cement concrete is neglected. It is assumed
that the concrete would crack, and that the reinforcing steel would carry the tensile load.
This assumption was necessary because design methods ignore the tensile Strength of

concrete for tension and flexure cases.?

5.4.2.3 Compression in Polyester-Styrene Polymer Concrete

For both Model 1 and Model 2, it was assumed that the polyester-styrene polymer
concrete overlay was placed on the bridge deck after the structure was already in service,

ie., as a retrofit. The overlay was assumed to be a non-structural member, carrying none
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of the structure’s dead load or live load. Given this assumption, the equation that controls

the required strength is ACI-318 Eq. 9-6:
U=14(D+T).
Since D=0 and. U=0.85¢f,, we have
085¢f,.=14T,. |
Rearranging the equation, we obtain
T.=0.607¢f",.
Substituting the strength reduction factor for compression, ¢ = 0.70, gives
T, =0425f".. {5-2)

The compressive strength of polyester-styrene polymer concrete decreases nearly
linearly as temperature is increased. It was assumed that at elevated temperature
compressive strength would decrease by 25 percent.?® At elevated temperatares, Eq.
(5-2) produces an allowable unfactored compressive stress due o temperature equal to |

2390 psi for polyester-styrene concrete with a compressive strength of 7500 psi.

5.4.2.4 Tension in Polvester-Styrene Polymer Concrete

It is important to note that the ACI-318 building code gives no guidance for
tensile stresses in concrete, since the tensile strength of concrete is ignored in design.
However, unlike tension in the portland cement concrete bridge deck, tension in the
overlay material cannot be ignored. There is no steel reinforcement in the typical
polyester-styrene polymer concrete overlay, and cracking of the overlay cannot be

tolerated, since cracking can destroy the overlay's integrity.
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An estimate for allowable tensile loading due to temperature decrease was made
using ACI-318 Eq. 9-6. The required strength is set equal to the design strength, which
is assumed to be equal to the modulus of rupture, f,, multiplied by the strength reduction

factor, ¢
Of,i=14D+T).

The modulus of rupture value was chosen for use instead of the splitting tensile:
strength because the modulus of rupture represents a tensile failure in bending, the result
of a direct tensile load at the fiber under consideration. Tensile failure in the splitting

tensile strength test is the indirect result of an applied compressive load.

The value for dead load, D, is zero, since the overlay is not a structural member.

This produces

Of =14T,.

Substituting the value for the strength reduction factor for tension, ¢ = 0.90, and

rearranging yields:
T,=0.64F,. | (5-3)
For polyeétér-styrene polymer concrete, modulus of rupture is equal to:?
fr=25f,.

Therefore, for polyester-styrene concrete with a compressive strength, f',, of 7500 psi
and a modulus of rupture, f,, of 2165 psi, Eq. (5-3) gives an allowable unfactored tensile

stress due to temperature equal to 13835 psi.

82



5.4.2.5 Interface Shear

Shear stresses develop along the interface plane when temperature changes, due
fo the different values of coefficient of thermal expansion, ¢, and modulus of elasticity,
E, for polyester-styrene polymer concrete and portland cement concrete. When an
- overlay fails, it usually exhibits local debonding as a result of tensile failure in the
portland cement concrete substrate.

To determine the allowable tensile stresses in the substrate, and thus the allowable

interface shear, we can use Eq. (5-3), derived previously:
T,=0.64f,. ' (5-3, repeated)

ACI-318 Eq. 9-9 was used to calculate modulus of rupture:

fr=15VF".

For portland cement concrete with a compressive strength, £, of 4000 psi and a
modulus of rupture, f,, of 475 psi, Eq. (5-3) gives an allowable unfactored interface shear
stress due to témperamre equal to 305 psi. For polyester-styrene polymer concrete with a
compressive strength, ', of 7500 psi and a modulus of rupture, f,, of 2165 psi, Eq. (5-3)

gives an allowable unfactored interface shear stress due to temperature equal to 1385 psi.

5.4.3 AASHTO Design Loads

In order to perform an accurate analysis to determine allowable stresses, actual
design dead and live load moments were calculated. The dead load consists of the
weight of the deck and an assumed additional weight equivalent to 3 inches of as'phalt

concrete.® The dead load per square foot of deck area, Wy, Can be calculated as
wy = 150 Ib/f13 (%E) = 138 1b/f12, for Model 1,

and

83



9.5in +3 i
W, = 150 Ib/{03 (———ér—‘l—n—jﬁ)x 156 Ib/f2, for Model 2.

For design purposes, the deck is assumed to be continuous over the supports. The
dead load moment, Mp, is assumed to be the same for the positive moment region in the

center of the span and for the negative moment region over the supports:

wy 2
MD = 10 .
Substituting wy = 138 1b/ft2 and I = & ft for Model 1 and wy = 156 1b/fi2 and 7 = 12 ft for

Maodel 2, we obiain

Mp, = 880 Ib-f1,
and

M = 2440 Ib-ft,

for Model 1 and Model 2, respectively.
The live load moment was calculated using AASHTO HSZO-44 loading,
according to Section 3.24.3, Case A, of the AASHTO bridge code.* The live load .

moment, My, can be calculated using the formula
S+2
M= (5557 o

where § is the modified span length, in accordance with Section 3.24.1.2(b), of the
AASHTO bridge code, and Py, is the load on one rear wheel of the HS20 truck
(Pyp=16,0001b). For this analysis, S was assumed to be 8 feet for Model 1 and was
calculated to be 12.0 feet for Model 2. Section 3.24.3.1, of the AASHTO bridge code,
requires a continuity factor of 0.8 for slabs continuous over 3 or more supports. An

impact factor of 30 percent, per AASHTO Section 3.8.2, was also included:

My = (3-3—*23 16,000 1b) (0.8) (1.3) = 5200 Ib-ft, for Model 1,
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and

M = (—1-%;—2)(16,000 1b) (0.8) (1.3) = 7280 Ib-ft, for Model 2,

Knowing the design loads, we can now determine the design strength of the

structure, and the reserve capacity available for temperature loading.

5.4.4 AASHTO Service Load Method

5.4.4.1 Compression in Portland Cement Concrete

Compression in the portland cement concrete is a result of a combination of
bending moment and compressive axial stress cansed by an increase in temperature, The
extreme fiber stress, f, in the bridge deck caused by applied moments can be determined

using the relationship
Mc
=

where M is the applied moment, ¢ is the distance from the neutral axis to the exireme
compression fiber, and 7 is the deck’s moment of inertia.
Based on the design dead load, Mp = 880 Ib-ft, and the design live load,

Mj = 5200 1b-ft, the extreme compression fiber stresses for Model 1 were found to be
fp=283psi, and
S =372 psi.

For Model 2, with a design dead load, Mp, of 2440 1b-ft and a design live load, My,

equal to 7280 1b-ft, the extreme compression fiber stresses are
Jp =162 psi, and

.= 386 psi.
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The dead load siresses are assumed to be present in the bridge deck prior to
overlay placement. The live load stresses were calculated based on the composite
section.

To determine Model 1 and Model 2 deck section reserve capacity for thermal

stresses, AASHTO load combination Group IV was employed:
1.25(04f)=2D+L+T,, (5-4}

Whe're /¢ is the compressive strength of the concrete, D is the compressive stress caused
by dead loads, L is the live load stress, and T, is the compressive stress due to
temperature increase.

Substituting into Eq.. (3-4) the appropriate values for f',, D, and L for the two
models, the equation yields an allowable compressive stress due to temperature, 7T, of

1545 psi for Model 1 and 1452 psi for Model 2.

5.4.4.2 Compression in Polyester-Styrene Polymer Concrete

The overlay was assumed to carry no dead load, but live load is present due to
composite action between the deck and the overlay. Based on the design live load for

Model 1, My = 5200 Ib-ft, the extreme fiber stress in the overlay was found to be
fi=447psi.

For Model 2, the extreme fiber compressive stress was found to be
S, =450 psi,

for a design dead load moment, , of 7280 1b-ft.
AASHTO load combination Group IV was used to determine the overlays'

reserve capacity for thermal siresses:
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12504 )zD+L+T,, (5-4, repeated)

where f'. is the compressive strength of the polyester-styrene polymer concrete, D is the
compressive stress caused by the dead load (D = 0), L is the live load stress, and T, is the
compressive stress caused by a temperature increase., '

Because the compressive strength of polyester-styrene polymer concrete
decreases as temperatare is increased, an f'. value of 5625 psi was used instead of the
assumed value of 7500 psi, representing a 25 percent decrease in strength. Substituting
f'c and f7, and solving for T, Eq. (5-5) produces an allowable thermal compressive stress

equal to 2366 psi for Model 1, and 2363 psi for Model 2.

5.4.4.3 Tension in Polyester-Styrene Polynier Concrete

The AASHTO service load design method does not address the iséue of direct
tension in a member, choosing, as does the ACI-318 building code, to neglect the tensile
strength of concrete.*! Tension in the overlay material cannot be neglected, however,
since cracking in the overlay can destroy its integrity, allowing air, water, and chlorides
an unimpeded path to the deck and the reinforcing steel. ‘
AASHTO does provide a limit of 21 percent of the modulus of rupture for

extreme fiber stress in tension for a plain concrete member undergoing flexure.*! Using

this limit, Eq. (5-4) can be rewritten:
125021 fyzD+L+T,.

The dead load, D, and the live load, L, were assumed to be zero. Even though the
overlay is subjected to live loads due to the composite action of the section, the live load
is not continuously present; the assumption of no live load produces a more conservative

temperature stress limit. With dead load and live load both zero, the equation reduces to;
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1.25 (0.21£) =T, (5-5)

Substituting the value f, = 2165 psi, and rearranging, we obtain an allowable

tensile stress due to temperature equal to 568 psi.

5.4.4.4 Interface Shear

Because of the tensile nature of overlay shear failures, such as debonding, Eq. (5-
5) was used to determine an allowable shear stress value. For portland cement concrete
with a compressive strength, f7,, of 4000 psi and a modulus of rupture, f,, of 475 psi,
Eq. (5-5) gives an allowable interface shear stress due to temperature equal to 125 psi.
For polyester-styrene polymer concrete with a compressive strength, £, of 7500 psi and
a modulus of rupture, f,, of 2165 péi., Eq. (5-5) gives an allowable interface shear due to
temperature equal to 568 psi. At elevated temperatures, where f.=5625 psi and

Jr= 1875 psi, the allowable interface shear decreases to 492 psi.

5.4.5 AASHTO Ultimate Strength Method

Allowable temperature stresses were also determined using the AASHTO
ultimate strength method of analysis, even though the bridge of Model 2 was not
designed wvsing this philosophy. This was perferrﬁed primarily as a check against the
service load analysis, but would be applicable to similar bridges which may have been
designed using the ultimate strength method. Generally, a stracture designed for service
loads will prove adequate when an ultimate strength analysis is performed. The reverse,
however, is often not the case, since the service load method is .more conservative. It
was possible in this analysis to perform more exact calculations, rather than generalizing
stresses as for the ACI method, because the actual design loads were available. In order
to perform the method's calculations for Model 1, the reinforcing steel had to be designed

for a typical §-inch slab.
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3.4.5.1 Compression in Portland Cement Concrete
The general procedure for the AASHTO ultimate strength method is the same as

that for the ACI-318 method: the ultimate capacity of the structure is determined as the
nominal capacity multiplied by a strength reduction factor, and the appropriate
combination of loads is multiplied by load factors.*! The uitimate strength must then be
greater than the factored loads for the design to be acceptable. In the design of the 8-inch
thick slab, AASHTO load combination Group I was used to determine the ultimate

moment capacity required:
¢M,=13[D+1.67L].

Substituting D = 880 Ib-ft and L = 5200 ib-ft for Model 1, the minimum required
ultimate moment capacity is ¢ M, = 12,433 1b-ft.

The ultimate moment capacity, ¢ M,,, can also be expressed as:*!
| pf
¢Mn - qb[ASfy d(l - 0-6 f.vc )},

where ¢ is the strerigth reduction factor, 0.90, A; is the area of tensile steel in the section,
fy is the yield strength of the steel reinforcement, d is the depth of the tension
reinforcement, p is the section's steel ratio, which is equal to Ay/bd, and f', is the
concrete's compressive strength.

The unknown area of reinforcing steel for Model 1 was determined. by
substituting the known values for ¢ M, fy» f'e and b, and the assumed value for 4 into
the equation. Using the reinforcing steel thus determined, the actuéi ultimate moment

capacity for Model 1 was calculated:

¢ M, = 12,500 1b-ft.
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The ultimate moment capacity for Model 2 was calculated in the same manuer, using the

actual bridge design parameters, and was found to be:
¢ M, = 20,600 Ib-ft.

For Model 2, D = 2440 1b-ft and L =7280 1b-ft; therefore, the minimum required
ultimate moment capacity 18 ¢ M, = 19,000 Ib-ft.

To determine the allowable axial compression caused by a temperature increase,
it was necessary to determine the axial load-moment interaction relationship, also known
as the strength interaction relationship, for the transformed composite section. This
involved determining three points on the interaction curve: pure compression, pure
bending, and the balanced strain condition.

The formula for pure compression is:*!
QP =0[085f (A, -Agy) +Ayf],

- where ¢ P, is the ultimate compressive strength for a section with no applied moment, A,
is the gross cross-sectional area, Ay is the area of longitudinal (axial) steel in the cross
section, and fy is the yield strength of the steel reinforcement.

In the case of pure flexure, 1.e., without any applied axial force, the ultimate

moment capacity is what we have seen before, except that ¢ is equal to 0.70:
oM, = ¢[Asfyd(l -0.6 pf)].
fe

At the balanced strain condition, the tension reinforcement reaches the strain
corresponding to its yield strength, just as the concrete in compression reaches its
assumed ultimate strain of 0.003. The compressive strength, ¢ Pp, and the moment

strength, ¢ M), at the balanced strain condition are given by the equations;*
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OPy=0[085F bay+Af+Afl,

R
¢ My =[085 bay [d—d"-a’l)msf's (d-d'-d" + 45 d"),

where
87,000
ay = (87,000 n fy) P1 d, and
, 47\ (87,000 +
s (£)EB08] o,

- ¢is again 0.70, and f; is 0.85 for 4000 psi compressive strength concrete.

Using these equations, the following values were obtained for Model 1:
P, = 278,600 1b for pure compression,
¢ M, = 10,800 Ib-ft for pure bending, and
¢ Py = 97,800 Ib, and
¢ My, = 33,300 Ib-ft at the balanced strain condition.
The following values were calculated for Model 2:
¢ P, = 334,000 Ib for pure compression,
¢ M, = 17,400 1b-ft for pure bending, an&
(o] Pb = 127,800 1b,_and
¢ M), = 47,600 1b-ft at the balanced strain condition.

Figures 5-7 and 5-8 show the resulting load-moment interaction diagrams for

Model 1 and Model 2, respectively.. A straight line was assumed to connect the
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calculated points on the curve, a conservative assumption since these lines fall on the

inside of where the actual curve would lie. In the range of compressive stresses greater
than the balanced stress the section is controlled by compression; a load-moment
combination exceeding the interaction curve will result in a compressive failure
-+ (crushing) of the concrete, rather than a tensile failure of the steel reinforcemer;t. For

Model 1, the relationship for this region, assumed to be linear, is
¢ P=278,600-5429 ¢ M, (5-6)

where ¢ P is the factored axial compression limit in pounds, and ¢M is the factored
applied moment in 1b-ft. Since the AASHTO Group 1V total factored moment, ¢ M, Dals
applied to the structure is 7900 1b-ft, Eq. (5-6) yields a maximum allowable factored
axial compressive load, ¢ P, equal to 235,700 Ib.

For Model 2, the relationship is given by:
¢ P =334,000 - 4332 ¢ M. (5-7)

The total factored moment, ¢ Mp,;, applied 10 the structure is 12,640 1b-ft; therefore,
Eq. (5-7) produces a maximum allowable factored axial compressive load, ¢ P, equal to
279,2001b.

To determine the allowable temperature stresses, the AASHTO Group IV load

combination is used:
¢P213[D+L+T}

Dead loads and live loads do not produce axial forces. Normal stresses due to bending
are accounted by moments in the interaction relationship. The equation can thus be

reduced and rearranged to yield

9P 1 |
Te= (1.3)Ag’ S
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where T, is the allowable unfactored compressive stress due to terperature increase, ¢ P
is the maximum allowable factored compression load, obtained from the interaction
diagram, and A, is the gross section area, required to convert axial load into axial stress.
Substituting the values for ¢ P and A, into Eq. (5-8), we obtain an unfactored
compressive stress allowable limit equal to 1770 psi for Model 1 and 1785 psi for

Modetl 2.

5.4.5.2 Compression in Polvesier-Styrene Polymer Concrete

The overlay was assumed to have been placed on the bridge deck after the
structure was subjected to the dead load, that is, the overlay carries no dead load.
However, because of composite action between the bridge deék and the overlay, the
overlay will be subjected to live loads.

The axial load-moment interaction relationships for the composite section,
described previously, were used to determine the allowable axial compression, due to

temperature, in the presence of live load moments. The interaction relationships are:
¢ P =278,600 - 5429 ¢ M, for Model I, and (5-6, repeated)
¢ P =334,000 - 4.332 ¢ M, for Model 2. (5-7, repeated)

The total applied moment for Model 1, using the AASHTO Group IV load
combination, is 6760 1b-ft. Eq. (5-6) vields a maximum allowable factored axial
compressive load, ¢ P, of 30,120 1b. For Model 2, the total applied moment is
9460 1b-ft; Eq. (5-7) pmduces a maximum allowable factored axial load of 31,040 1b.
These loads apply to the actual cross-sectional area of the oﬁerlay.

These allowable loads were calculated using the transformed composite section,
where the polyester-styrene polymer concrete was transformed into an equal region of

portland cement concrete, based on the modular ratio, n = E,g./E,.., and are
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independent of the compressive strength of the polyester-styrene concrete. To account
for the compressive strength of the overlay material, maximum allowable compressive
loads were also determined assuming the overlay to be in a state of pure compression.
Under this assumption, the maximum factored compressive load, ¢ P, in the overlay is

given by the equation:*!
GP. =¢l085f, (Ag -Ag) -E—As_rfy},

where A, is the gross section area under consideration, Ay, is the area of reinforcing steel
in the section, and Jy is the yield strength of the steel reinforcement. The overlay is an

unreinforced section, so the equation can be reduced to
OP.=¢[0.85f, (Ap)].

Substituting the values for our two models, we obtain the maximum allowable factored

loads:
¢ P, =30,120 Ib for Model 1, and
¢ P, = 30,100 Ib for Model 2.

These values are for polyester-styrene concrete at elevated temperatures, which is
assumed to decrease compressive strength by 25 percent.
The maximum allowable factored loads are the lower of the two sets of calculated

values:
¢ P.=30,120 1b for Model 1, and

¢ P, = 730,100 ib for Model 2.
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Eg. (5-8), derived previously, was used to determine the allowable unfaciored

compressive stress due to an increase in temperature:
_{eP) 1
T.= [ 13 )Ag . (5-8, repeated)

Substituting the values for ¢ P, and A, we obtained an allowable unfactored
compressive stress due to temperatare increase equal to 2575 psi at elevated

temperatures, for both Model 1 and Model 2.

5.4.5.3 Tension in Polyester-Styrene Polymer Concrete

There is no specific guidance in the AASHTO ultimate strength design method
for determining the strength of members under direct tension, Because tensile failure in
the overlay material cannot be allowed, it was assumed that the ultimate tensile load,

¢ Py, is equal to
¢ Pr=¢ (f; Ag), or
¢fr=0fr,

where ¢ f; is the ultimate tensile strength and f, is the material's modulus of rupture.
Substituting ¢ = 0.90 and f, = 2165 psi, we obtained an ultimate tensile strength value of
1950 psi. |

AASHTO load combination Group IV was used to determine the allowable

temperature load:
¢pP213[D+L+T]

The dead load, D, and the live load, L, were assumed to be zero. Even though the
overlay is subjected to live loads due to the composite action of the section, the live load

is not continuously present; therefore, the assumption of no live load produces a more
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conservative temperature stress limit. With dead load and live load both zero, and

rearranging the equation to solve for 7, the equation becomes:

n:%%, (5-9)

where T is the maximum allowable unfactored siress caused by a decrease in

temperature, ¢ is the strength reduction factor, 0.90, and f; is the tensile strength of the

polyester—styfene concrete, assumed to be equal to the modulus of rupture, f,.
Substituting the appropriate values into Egq. (5-9), we obtained an allowable

unfactored tensile stress value of 1500 psi.

5.4.5.4 Interface Shear

There is no simple method, using AASHTO wultimate strength design, for
determining allowable interface shear.'! Shear strength methods are typically used for
determining vertical shear in beams, thus the equations for shear involve the cross-
sectional area and the section's shear reinforcement. Horizontal shear is considered for
composite sections; however, this requires steel dowels to transfer the shear stresses,
something that is not present in bridge deck overlays. To estimate the tensile strength of
the portland cement or polyester-styrene concrete undér the influence of interface shear,

we assume that the ultimate tensile strength, ¢ f;, is equal to

Ofi=0f | (5-10)

For portland cement concrete with a compressive strength, f'., of 4000 psi, and a
modulus of rupture, f,, equal to 475 psi, Eq. (5-10) yielded an ultimate strength of 428
psi. For 7500 psi compressive strength polyester-styrene polymer concrete, with a
modulus of rupture of 2165 psi, Eq. (5-10) produced an vltimate strength of 1949 psi.

The allowable tensile stress due to interface shear can then be calculated using

Eq. (5-9), shown previously:
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Ty % . (5-9, repeated)

Substituting the appropriate values for f,, this equation produces an allowable
unfactored interface shear stress of 330 psi for the portland cement concrete, and 1500
psi .for the polyester-styrene polymer concrete at room temperature. At elevated
temperature, where the compressive strength of polyester-styrene is assumed to be 5625

psi, the allowable unfactored interface shear stress is 1300 psi.

5.5 Results

The fully restraine.d finite element model, shown in Figure 5-4(aj resulted in the
largest compressive and tensile stresses in the portland cement concrete and polyester-
styrene concrete for both Model 1 and Model 2. The beam continuous over the two
roller supports, illustrated in Figure 5-4(b), resulied in the largest interface shear values,
near the right support. In both Model 1 and Model 2, the cantilever condition produced
nearly the same interface shear values at the extreme right end, but was otherwise not a
limiting case.

Results of the finite element analysis for the various end restraint conditions and
temperature loading cases are shown in Tables 5-2 through 5-13 for Model 1, and in
Tables 5-14 through 5-19 for Model 2. These tables list axial stress values and interface
shear stress values for selected locations on the model. Positive axial stress values
indicate tension, negative values indicate compression. The Hmiting values are indicated
by a box surrounding the value.

A comparison of the stresses obtained from the finite element analysis to the
allowable unfactored stresses for Model 1 is shown in Table 5-20. All finite element
analysis results are less than their associated allowable values, with the following
exceptions: for the 35°F temperature increase case, compression in the portland cement

concrete exceeds the allowable value calculated by the ACI ultimate strength method and
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interface shear in the portland cement concfete exceeds the allowable value calculated
using the AASHTO service load method. For the 45°F temperature decrease, tension in
the polyester-styrene polymer concrete exceeds the allowable values for all three
methods of calculation; the interface shear in the portland cement concrete also exceeds
the allowable value, as calculated using the AASHTO service load method.

Table 5-21 lists the comparison of the finite element analysis results to the
allowable unfactored stresses for Model 2. All finite element analysis results are less
than their associated allowable values, with the following exceptions: the portland
cement concrete in compression, for the 35°F increase case, is excessive when compared
to the ACI ultimate strength method allowable stress, and the interface shear is excessive
compared to the AASHTO service load method. Also, the polyester-styrene polymer
concrete in tension, for the 45°F decrease case, exceeds the allowable stress values for all
three methods.

It is important to note that the tension values for polyester-styrene polymer
concrete and the compression values for portland cement concrete, which exceeded
allowable values in both Model 1 and Model 2, were the result of the fixed end restraint
condition. In these situations, the values generated in the finite element analysis were
independent of the other material, since the interface shear was nearly zero. Field
installations to date have not shown problems, which may indicate that the stiffness of
the fixed restraints was overly conservative, and not representative of actual field
conditions.

All interface shear values which exceeded allowable values exceeded only the
value calculated by the AASHTO service load method. This may be a result of an overly
conservative estimate of tensile strength, which was limited to 21 percent of the modulus
of rupture.

The presence of finite element analysis results which exceed the allowable limits

indicate that problem areas may be present; these areas bear watching in field
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installations, even though no problems have been noted to date. This is especially
important where the polyesier-styrene overlay is concerned, since cracking in the overlay

cannot be tolerated.

5.6 Summary

The bond between the polymer concrete overlay and the portland cement concrete
deck results in composite action in a section with distinct arcas of different physical
properties. Because the polyester-styrene concrete and the portland cement concrete -
exhibit different values of coefficient of thermal expansion, ¢, and modulus of elasticity,
E, composite action under temperature change raises a concern.

The effects of air temperature, wind, humidity, intensity of solar radiation, and
types of material combine to cause thermal loading in bridge decks. There are generally
two daily extreme conditions of temperature distribution within a bridge deck. In the
first extreme, the top and bottom surfaces of the deck have different temperatures. This
temperature differential is greatest in the afternoon, under the influence of direct solar
radiation. During the night, the bridge deck slowly loses the heat built up during the
previous day. When the air temperature passes its lowest point and begins to increase,
shortly after dawn, it is possible to reach a point at which the air temperature is the same
as the bridge deck top and bottom surface temperatures, and a uniform temperature exists
in the deck. This uniform condition forms the second extreme.

The American Association of State Highway and Transportation Officials
recommends that highway bridges be designed to accommodate stresses or movements
resulting from temperature variations. For concrete structures located in cold climates,
the specified range is from 35°F above to 45°F below the assumed erection temperature.
For each of these temperature extremes, two condilions were examined in this study: the
1sothermal case, where temperatures throughout the deck section are the same, and the

case where a temperature differential exists between the top and bottom surfaces of the
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deck. The 35°F increase cases were assumed to represent summer conditions, and the
45°F decrease cases were assumed to represent winter conditions. A simplified
temperature gradient was assumed for this research: a second-order parabola with the
axis of sjzmmetry coincident with the bottom fiber of the deck slab.

Two finite element models were examined to determine the thermal compatibility
between the overlay and the bridge deck. The first model was designed to represent an
8-inch thick bridge deck with a %-inch polyester-styrene overlay, and an 8-foot span
between girders. The second model was based on an actual bridge. The finite element
model for this bridge consists of a 9.5-inch thick slab with a span length of 12.5 feet.
This model also had a 3%-inch polyester-styrene overlay.

For each model, three end restraint conditions were considered: fixed ends at all
supports; a fixed support at the left end, with roller supports to the right; and a cantilever
beam. The first two end restraint conditions were intended to model the extreme cases
under témperature loading, the first to produce the maximum axial stress in the materials,
and the second to produce the highest interface shear. The cantilever was examined to
ensure that the first two cases were indeed the extreme cases. Analysis confirmed that
the cantilever model was not critiéal.

A comparison of the stresses obtained from the finite element analysis to the
allowable unfactored stresses was presented. Most finite element analysis results were
.Iess than their associated allowable values, indicating acceptable performance. However,
some exceptions were present in both modéls: compression in the portland cement
concrete due to increasing temperature and tension in the overlay material due to
decreasing temperature.

Even though no problems have been noted to date, the presence of finite element
analysis results which exceed the allowable limits indicate that problem areas may be

present; these areas bear watching in field installations. This is especially important
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where the polyester-styrene overlay is concerned, since cracking in the overlay cannot be

tolerated.
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Table 5-1. Engineering Properties of Materials used in the Finite Element Models.

Polyester-Styrene Portland Cement

Polymer Concrete Concrete
Compressive Strength, f', | 7500 psi - 4000 psi
Modulus of Elasticity, E 2.57 x 106 psi 3.64 x 106 psi
Modulus of Rupture, f, 2165 psi 475 psi
gngicaifgginmm y 13.0 X 106 /°F 5.0 % 106 /°F
Unit Weight, w; ‘ 145 /3 145 1b/ft3
Poisson's Ratio, v 0.25 . 0.25
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Table 5-20. Comparison of Finite Element Analysis Results and Calculated Allowable
Stresses for Model 1.

Allowable Stress

Finite ACT AASHTO Methods
Element Ultimate . .
Analysis Strength SErvme Ultimate
Result Method oad Strength
Method Method
(psi) (psi) (psh) (psi)
Polyester- | faxiat | -2287 2390 2366 -2575
Styrene -
Polymer
35°F Concrete | fshear 170 1200 492 1300
Temperature '
Increase _
Portland | faxial -895 l 560 || -1545 -1770
Cement :
Concrete
SFshear 199 305 125 330
Polyester- | faxiar | +1737 +1385 +568 +1500
Styrene
Polymer
45°F Concrete | fshear | 124 1385 568 1500
Temperature 1
Decrease :
Portland | faxial +852 N/C N/C N/C
Cement
Concrete
Fshear 144 305 125 330

N/C — Not Considered
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Table 5-21. Comparison of Finite Element Analysis Results and Calculated Allowable

Stresses for Model 2.
Allowable Stress
Finite ACT AASHTO Methods
ifg;;:; [S}g::g}? Service Ultimate
Result | Method | 024 | Stength
_ Method Method
(psi) (psi) (psh) (pst)
Polyester- | faxial -2311 -2390 -2363 -2575
Styrene
Polymer
35°F Concrete | fshear 105 1200 492 1300
Temperature - ‘
Increase _ ‘
Portland | faxiat |  -919 { -560 -1452 -1785
Cement ‘
Concrete
Sshear 127 305 125 330
Polyester- | faxiat | +1742 || +1385 |} +568 ||| +1500
Styrene
Polymer _
45°F Concrete | fshear 76 1385 568 1500
Temperature
Decrease :
Portland | faxial +848 N/C N/C N/C
Cement '
Concrete
fshear 91 305 125 330

N/C — Not Considered
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Figure 5-1. (a) Actual Temperature Gradient through Slab Bridge Deck (after Ref. 42},
(b) Simplified Parabolic Gradient used in the Analysis.
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AXIS OF
SYMMETRY
|

(c)

Figure 5-3. (a) Cross-Sectional View of Deck., (b) Multiple Span Model used to
Minimize End Effects. (c) Symmetric Nature of Model Allows the use of
only Half of the Structure for the Finite Element Analysis.
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Figure 5-4. End Restraint Conditions used in the Finite Element Models: (a) Fixed
Restraints at Nodes A, B, and C, (b) Roller Supports at Nodes B and C, and
(¢) Cantilever. :
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Figure 5-5. Finite Element Mesh for Model 1.
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Figure 5-6. Finite Element Mesh for Model 2.
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Chapter 6
Summary and Conclusions

6.1 Summary

Several methods are available to protect bridge decks from chloride and water
intrusion, including cathodic protection systems, epoxy-coated reinforcing stéel, polymer
impregnation of the deck, impermeable membranes with asphalt concrete oveﬂays, fatex-
m.odified concrete overlays, low-slamp dense concrete overlays, and polymer concrete
overlays. As and aid in determining which of the various methods have been used in
Nevada, a database of bridges with installed protective systems was compiled. This
database is also expected to serve as a reference for the comparison of protective system
performance in the future. |

Polyester-styrene polymer concrete overlays have recently gained favor with the
Nevada Department of Transportation. Polyester-styrene overlays have been placed on
several bridges in Nevada over the last two years, and several more are planned for the
near future.

In order to study the physical differences between the portland cement concrete
bridge deck and the polyester-styrene polymer concrete overlay, a knowledge of the
material properties of polyester-styrene concrete was obtained from available research.
The literature review showed that polyester-styrene polymer concrete has a higher
compressive strength than portland cement concrete. Tensile and flexural strengths were
also greater than for portland cement concrete, and were found to show a dependence on
the square root of compressive strength, similar to portland cement concrete: 14 \/f—'c and
25 \ff—c for splitting tensile strength and modulus of ropture, respectively, compared to
6.7 \/—f‘—c and.’].S \/f_c for portland cement .concrete. The modulus of elasticity also
showed a dependence on the square root of compressive strength: 17 wl-3/f7, versus

33 wl3+/f',. The coefficient of thermal expansion for polymer concrete made with a
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flexible polyester resin was found o be approximately 13 x 10-0 inch/inch-°F, slightly
~more than twice that of portland cement concrete. Shrinkage and creep appear to be
higher in polymer concrete than in conventional concrete, but quantitative methods for
determining these parameters were not available. Polyester-styrene concrete gains
compressive strength much more rapidly than portland cement concrete, but the polymer
suffers a reduction in strength as temperature increases, exhibiting a 25 percent decrease
over a temperature range of 73°F to 140°F.

Because polyester-styrene polymer concrete and portland cement concrete were
found to exhibit different values for coefficient of thermal expansion and modulus of
elasticity, composite action under temperature change is of concern. To ensure against
overlay failure, thermal performdnce was examined using two finite element models.
The first model was designed 0 represent an 8-inch thick bridge deck with an 8-foot
span between girders. The second model was based on an actual bridge, with a 9.5-inch
thick slab and a span length of 12.5 feet. Both models included a %-inch polyester-
styrene overlay. For each model, three end restraint conditions were considered: fixed
ends at‘ all supports; a fixed support at the left end, with roller supports to the right; and a
cantilever beam. Each model was subjected to a temperature increase of 35°F and a
tefﬁperature decrease of 45°F, as recommended by the American Association of State
HighWay and Transportation Officials. The 35°F increase was accompanied by a 25°F
differential temperatore through the deck, representing warm dayti'me conditions; the
45°F decrease case was assumed to have a constant temperature through the deck,
representing cold nighttime conditions.

A comparison of the stresses obtained from the finite element analysis to the
allowable unfactored stresses was made to ensure thermal compatibility between the
polymer concrete overlay and the bridge deck. Most finite element analysis results were

less than their associated allowable values; however, some exceptions were present in
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both models: compression in the portland cement concrete due to increasing temperature

and tension in the overlay material due to decreasing temperature.

6.2 Conclusions

It appears that polyester-styrene polymer concreté is an effective bridge deck
overlay material, exhibiting high compressive and tensile strengths, and should continue
to be used by the Nevada Department of Transportation.

Most stresses from the thermal compatibility finite element analysis were less
than their alioWable values, indicating acceptable performance; however, some excessive
stresses were present. Even though no problems with polymer concrete overlays have
been noted to date, the presence of excessive finite element results indicates that problem
areas may be present; these areas need to be carefully observed in field installations.

Previous research indicates that an entire range of polyester-styrene concrete
properties exists, depending on resin formulation, aggregate properties, mixtore design,
and curing method. Because of the wide range of concretes possible, laboratory
determination of the properties of the actual polymer concrete being used for bridge deck
overlays is recommen.ded. Suggested tests inclode compressive strength, flexural
strength, strength sensitivity to temperature, and bonding strength to portland cement
concrete. In addition to the testing of laboratory-manufactured specimens, bond strength
testing of corings from actual field installations is also recommended. To further verify
thermal compatibility with portland cement concrete, modulus of elasticity and thermal

expansion characteristics should also be determined.
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AASHTO

ACI

ACI-318

Appendix A
Symbols and Abbreviations

Depth of equivalent rectangular stress block as defined in ACI-318, Sec.
10.2.7.1, in. '

American Association of State Highway and Transportation Officials.
When used in the context of design guidelines, refers to the AASHTO
document Standard specifications for highway bridges. (Ref. 41).

American Concrete Institute.

Refers to the ACI document Building code reéuiremems for reinforced
concrete (ACI 318-89) and commentary—ACI 318R-89. (Ref. 33)

Gross section area, in2.

Area of non-prestressed tension reinforcement, in2.

Area of compression reinforcement, in2. |

Width of compression face of member, in.

Distance from exireme compression fiber to neutral axis, in.
Dead loads or related internal momeﬁts and forces.

Distance from extreme compression fiber to centroid of tension
reinforcement, in.

Distance from extreme compression fiber to centroid of compression
reinforcement, in.

Distance from centroid of compression reinforcement to centroid of
tension reinforcement, in. :

Modulus of elasticity, psi.

Modulus of elasticity of concrete, psi.

Flexural stiffness of compression member, 1b-in2.
Modulus of elasticity of reinforciﬁg steel, psi.
Stress, psi.

Specified compressive strength of concrete, psi.
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fe Compressive stress, psi.

Sot Average splitting tensile strength of concrete, psi.
n Bending stress caused by dead load, psi.

§is - Bending stress caused by live load, psi.

fr Modulus of rupture, psi.

Fsn Shear stress at interface, psi.

b Tensile stress, psi.

5 Specified yield strength of reinforcing steel, psi.
h Overall thickness of member, in.

HMWM High molecular weight methacrylate.

I Moment of inertia, in?.

[ Span length_ of beam, ft or in.

L Live loads or related internal moments and forces.

IMC Latex-modified concrete.

LSDC Low-slum§ dense concrete.

M Moment, Ib-ft or 1b-in.

My, Nominal moment capacity at balanced strain condition, Ib-ft or 1b-in.
Mp | Dead load moment, 1b-ft or 1b-in.

MEKP Méihyl ethyl ketone peroxide.

My, Live load moment, 1b-ft or 1b-in.

MMA Methyl methacrylate.

M, N omiﬁal moment capacity of flexural section, 1b-ft or Ib-in.
M, Nominal moment capacity in pure bending, 1b-ft or 1b-in.
M, Ultimate moment capacity of flexural section, 1b-ft or Ib-in.
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NBI National Bridge Inventory.

NDOT Nevada Department of Transportation.

P Axial or point load, 1b.

Py Load on one rear wheel of standard HS20 truck (P, = 16,000 Ib).
Py, Nominal axial load capacity at balanced strain, 1b.

PC Polymer concrete,

PCC Portland cement concrete.

PIC Polymer impregnated concrete.

P, Nominal axial load capacity at given eccentricity, 1b.

P, Nominal axial load capacity at zero eccentricity, Ib.

P, Ultimate axial load capacity at given eccentricity, Ib.

~

Radius of gyration of compression cross-section, in.

T Temperature loads or related internal moments and forces.

1, Compressive temperature loads or related internal moments and forces,
T, Reference temperature, °F.

T, Tensile temperature loads or related internal moments and forces.

Ty} | Temperature at point v, °F.

U Required strength to resist factored loads ot related moments and forces.
w Unit weight, 1b/ft3.

We Unit weight of concrete, Th/fi3,

wy Dead (self) weight of bridge deck, 1b/ft2,

o - Coefficient of thermal expansion, in/in-°F.

B3; Factor defined in ACI-318, Sec. 10.2.7.3:
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AT

4000 -

B; =0.85-0.05 [‘““mf—cl where 0.65 < f3; <0.85.

Temperature differential across bridge deck, °F.
Strength reduction factor,
Reinforcement ratio, A/ bd.

Poisson's ratio.
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_ Appendix B
Glossary of Polymer Concrete Terms

Accelerator—See promoter,

Aggregate—Granular material, such as sand, gravel, crushed stone, and iron blast-
furnace slag, used with a cementing medium to form a concrete or mortar. !

Alcohol—Any of various compounds that are hydroxyl derivatives of hydrocarbons.?
An alcohol, such as ethylene glycol, HOCH,CH,0OH, is combined with an
organic acid or anhydride to produce an ester in the manufacture of polyester
resins.

Binder—A cementing material, such as portland cement, asphalt, resin, or other material,
forming the matrix of concretes, mortars, and sanded grouts.!

Bieeding—The autogenous flow of mixing water within, or its emergence from newly
placed concrete or mortar, caused by the settlement of the solid materials within
the mass.!

Catalyst—A substance that initiates a chemical reaction and enables it to proceed under
milder conditions (such as lower temperature) than otherwise required and which
does not, itself, alter or enter into the reaction.!

Coefficient of thermal expansion—Change in linear dimension per unit length or
change in volume per unit volume per degree of temperature change.!

Compressive strength, f'.—The measured maximum resistance of a concrete or mortar
specimen to axial loading, expressed as force per unit cross-sectional area; or the
specified resistance used in design calculations.!

Concrete—A composite material which consists essentially of a binding medinm within
which are embedded particles or fragments of aggregate.

Copolymers—Polymers that contain more than one type of repeating unit in the polymer
chain, e.g. methyl methacrylate/ trimethylolpropane trimethacrylate systems.?

Cobalt naphthenate—A liquid metallic compound widely used as a room-temperature-
cure prometer for methyl ethyl ketone peroxide or cyclohexanone peroxide
initiated systems.* The cobalt metal present provides the true reaction with the
initiator to release free radicals.
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Cross-linking agent—A monomer, with functionality greater than two, added to a
polymer system which allows the growth of side chains that link the main chains
together in a three-dimensional net-like fashion.?

Cure time—Time elapsed between resin initiation and the time peak temperature of the
resin is reached during polymerization.*

Curing--See polymerization.

Degree of polymerization—Indicaies the number of times the repeating unit occurs
within the polymer molecule.?

Emulsion—A system consisting of a liquid dispersed with or without an emulsifier
(surface-active agent) in an immiscible liquid, usually in droplets of larger than
colloidal size.’

Endothermic—A reaction characterized by or formed with the absorption of heat.$

Epoxy—A thermosetting resin (ypically based on diglycidyl ether of bisphenol A

- (DGEBA) and containing epoxide groups on the ends of the molecules. Epoxies

have excellent resistance to attack by moisture and corrosive chemicals, and
provide extraordinarily high strength.*

Exotherm curve—A plot of resin temperature versus time following initiation which
provides a graphic representation of the physical and chemical changes occurring
in resin during polymerization.* Various points and features of the curve may be
compared 1o the Society of the Plastics Industry (SPI) standard 180°F exotherm
curve to determine relative performance.

Exothermic—A reaction characterized by or formed with the evolution of heat.®

Filler—Finely divided inert material such as pulverized limestone, silica, or colloidal
‘substances sometimes added to resin to reduce shrinkage, improve workability, or
act as an extender.}!

Flexural Strength—see modulus of rupture.

Flushing—The emergence of resin at the surface of newly placed polymer concrete or
mortar, caused by settlement of the solid materials in the mass.

Free radical—A reactive, electrically neutral molecule with an unpaired electron.? A
free radical forms the "seed” which starts the growth of a polymer chain.
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Functionality—The number of sites at which a monomer molecule can link with other
monomer molecules to form a long chain.?

y-methacryloxyprophyltrimethoxysilane—A silicon-based chemical added to polymer
concrete to increase the bond strength between the organic polymer and the
inorganic aggregate. See silane coupling agent.

Gel time—Time elapsed between resin initiation and the time the resin ceases to be a
viscous liquid and becomes a soft, elastic, rubbery solid.*

Hardener—The chemical component added to epoxy resins that cause the resin to
harden or cure (polymerize)’. See also initiator.

Heat of hydration—Heat evolved by chemical reactions with water, such as that
evolved during the setting and hardening of portland cement.!

High molecular weight methacrylate (HMWM)—A low viscosity substituted
methacrylate monomer which is characterized by low volatility.”

Hydration—Formation of a compound by the combining of water with some other
substance. In portland cement concrete, the chemical reaction between hydraulic
cement and water.!

Impregnation—The process to cause the void and pore space in hardened concrete to be
filled, permeated, or saturated with monomer.”

Inhibitor—Free-radical scavengers added to monomers to react with and deactivate the
free-radicals in growing polymer chains and to act as antioxidants to prevent
polymerization by oxidation product reaction during monomer storage.”’
Typically added to monomers to increase shelf life.

Initiator—A chemical agent which initiates growth of polymer chaing by decomposing
into hydrocarbon free-radicals that start the chain's growth.® Often incorrectly
called a catalyst.

Isophthalic-—Polyester resin in which isophthalic acid, Cgli4(COOH),, is used in place
of phthalic acid in the esterification process.* Isophthalic resin exhibits a higher
light stability, higher adhesion to siliceous matter, higher crazing resistance, and
improved creep characteristics and flexural strength at elevated temperature, but
lower impact strength than resin made with phthalic acid.*
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Kick-off temperature—The inflection point on the exotherm curve which marks the
beginning of the rapid rise to peak temperature brought on by the full result of the
chemical action of polymerization.* The kick-off temperature is a reference point
for comparing the relative activity of polyester initiators, inhibitors, and
promoters.

Latex—A water emulsion of a synthetic rubber or plastic obtained by polymerization.!
See also styrene-butadiene rubber.

Latex modified concrete (LMC)—Portland cement concrete in which a portion of the
mixing water is replaced with a latex emulsion.

Matrix—The cement paste, resin, or mortar in which concrete aggregate 'particles are
embedded.!

Methyl ethyl ketone peroxide (MEKP)—An organic peroxide, (CH3COO,HC,Hs),,
used, in conjunction with cobalt naphthenate, for room-temperature curing of
styrene and methacrylate monomers,*

Methyl methacrylate (MMA)—An extremely volatile and flammable acrylic
monomer,* CHy=C(CH3)COOCH;, widely used in industry to make clear acrylic
sheeting (e.g. Plexiglas® and Lucite®) and used in polymer concrete and polymer
impregnated concrete. Polymerized methyl methacrylate is often abbreviated
PMA.

Modulus of elasticity, E—The ratio of normal stress to corresponding strain for tensile
or compressive stresses below the proportional limit of the material.® Ofien
referred to as elastic modulus or Young's modulus.

Modulus of rupture, f,—A measure of the ultimate load-carrying capacity of a beam,
calculated for apparent tensile stress in the extreme fiber of a transverse test
specimen under the flexural load which produces rupture.! Also called flexural
strength or rupture strength. '

Monomer—An organic liquid, of relatively low molecular weight, that creates a solid
polymer by reacting with itself or other compounds of low molecular weight or
both.!

Overlay—A layer of concrete or mortar placed on and usually bonded onto the worn or
cracked surface of a concrete slab to either restore or improve the function of the
previous surface.}
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Polyester—One of a large group of synthetic resins, mainly produced by
polycondensation of the ester products resulting from the reaction of di- or
polybasic acids with dihydroxyl alcohols, commonly prepared for application by
thinning with a vinyl-group monomer.™* Polyester resing are widely used in the
manufacture of glass-fiber reinforced products, such as boat hulls and bath tubs.

Polymer—A compound formed by the reaction of simple molecules having functional
groups that permit their combination 10 proceed to high molecular weights under
suitable conditions.® Polymers may be formed by polymerization (addition
polymer) or polycondensation (condensation polymer). When two or more
monomers are involved, the product is a copolymer.

Polymer concrete (PC)—Concrete in which an organic polymer serves as the binder.!

Polymer impregnated concrete (PIC)-—A hydrated portland cement concrete which has
been impregnated with a monomer that is sabsequently polymerized in place.’

Polymerization—The chemical reaction in which two or more molgcules of the same
substance (monomer) or similar substance (a copolymer or cross-linking agent)
combine to form a compound containing the same elements, and in the same
proportions, but of high molecular weight, from which the original substance can
be regenerated, in some cases only with extreme difficulty.! Also called curing or
hardening.

Prepolymer—A low polymeric structure intermediate between that of the monomer or
monoraers and the final polymer or resin.®

Promoter—A c¢hemical agent which greatly increases the rate of chemical
decomposition of an initiator and used to increase the rate of polymerization
and/or allow polymerization to occur at room temperature. Also called an
accelerator. ' ’

Resin—A natural or synthetic, solid or semisolid organic material of indefinite and often
high molecular weight, having a tendency to flow under stress. It usually has a
softening or melting range and usually fractures conchoidally.?

Silane coupling agent—Silicon compounds having the general formula (HO);SiR where
R is an organic group compatible with thermoplastic or thermosetting resins.’
Silanes are used to enhance the chemical bond of organic polymers to inorganic
materials such as sand, rock, glass, and metals.

Styrene—A fragrant, mobile liquid unsatarated hydrocarbon monomer, C;H,CH=CH,,
obtained by the distillation of storax or the decomposition of cinnamic acid or
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more often from ethylbenzene either by catalytic dehydrogenation or by oxidation
to acetophenone followed by partial reduction and dehydration, that polymerizes
in the presence of an organic peroxide initiator to yield polystyrene.® Styrene is
often used as a thinner and cross-linking agent for polyester resin.

Thermoplastic—Capable of sofiening or fusing when heated and of hardening and
becoming rigid again when cooled.®

Thermosetting—Capable of becoming permanently hard and rigid when heated or
cured.®

Trimethylolpropane trimethacrylate (TMPTMA)—An acrylic monomer typically
added 10 methyl methacrylate as a cross-linking agent.

Unsaturated—A molecular compound capable of forming additional products or bonds.®
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