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EXECUTIVE SUMMARY 
 
Project Summary 

This project assessed an alternative concrete material for potential use in Midwest 

bridge decks to improve maintenance and material life-cycle costs. The outcomes 

include further development of the material and demonstration of the material 

advantages over ordinary concrete. 

 

Background 

Portland cement polymer concrete (PCPC) is a cementitious composite material 

made up of mostly Portland cement, aggregate, water, and polystyrene. PCPC has 

two unique beneficial properties when compared to ordinary concrete (OPCC). It has 

a tensile strength potentially five times that of OPCC while the compressive and 

modulus properties remain relatively the same. Secondly, PCPC is largely 

impermeable to water and potentially to other liquids such as deicing chemicals and 

chlorides. PCPC’s unit weight is approximately 25pcf less than that of OPCC 

reducing dead loads. These properties were recognized as potentially providing 

significant improvements to the current performance and longevity of OPCC 

structures. This study focuses on the potential improvements of modern northern 

Midwest bridge decks. This material was first successfully produced in small 

quantities in 1980 and the results were not published. 

 

Methods of PCPC Development 
Several methods were used to further develop PCPC and demonstrate its 

advantages over ordinary concrete. 

 

Literary Chemical Research - In order to make the material testing more efficient an 

emphasis was placed on understanding the chemical makeup of all PCPC 

components to anticipate reactions and non-reactions. The components included: 
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Portland cement, styrene, maleic anhydride, superplasticizer, water, benzoyl 

peroxide, azobisisobutyronitrile and aggregate. Each was compared to investigate 

and create possible theories on what mechanism(s) contribute to PCPC’s improved 

properties. The research was used to focus the test plan for preparing and 

evaluating PCPC mixes. 

 

Mortar Test Tube Beam (MTTB) Tests - PCPC test batches and specimens were 

prepared by several methods. Mortar was chosen in place of concrete so that 

smaller specimens could be used to accelerate the trials. For each trial the mortar 

was mixed in a pan and the resin was introduced with varying dispersion techniques. 

The samples were cast, cured and tested. Over 160 specimens were tested in over 

40 trials using this method. 

 

Glass Transition Tests - Research has shown that styrene maleic anhydride can 

hydrate and degrade when exposed to water. If this occurs within PCPC it could 

prove to be very detrimental to the material. To test this theory several glass 

transition temperature tests, or Tg tests, were performed. The Tg test measured 

mass lost over increasing temperature. Examining the resulting mass loss curves 

provided clues as to how much resin still existed in the 1980 samples and in what 

condition. 

 

Custom PCPC Mixer Batch Tests - Trial batches of PCPC were made using the 

custom mixer that produced larger mixes that allowed the use of standard concrete 

specimens and testing procedures. The custom continuous flow mixer PCPC mixer 

was designed by Hudson Owen and was loaned to the University for use in this 

project. The mixer was based on the design used in 1980. Using heated materials, 

the concrete hydrates rapidly and the styrene polymerizes yielding a usable concrete 

in less than 24 hours. During the spring of 2008, six additional trial batches were 

prepared in the manner described. The design and method of mixing focused on the 
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development of an inversion process to provide the necessary dispersion of the 

polymer-reinforcing matrix. 

 

Methods to Demonstrate PCPC 

Absorption Analysis - Water on OPCC will typically soak into the surface within 

seconds of application. The impermeability property of PCPC was first observed by 

Mr. Owen in 1980. When water was introduced to the surface of the material it would 

bead off. When disks of the 1980 PCPC were sawn, approximately ½ an ounce of 

water was placed onto a disk and observed overnight. The water eventually 

evaporated while never soaking in. This project conducted absorption tests to 

quantify the impermeability. 

 

Finite Element Modeling - Finite element modeling of a typical bridge deck found in 

the region was undertaken to contrast the performance of PCPC against OPCC. The 

first model was created to represent the original bridge using OPCC properties. The 

model was used as a baseline to set stiffness and stress performance criteria. The 

second model was identical to the first but utilized PCPC properties. Then five other 

models were created based on PCPC properties, each one further optimizing the 

deck’s performance by changing its geometry and steel content. The models were 

analyzed and compared.   
 

Life-Cycle Cost Analysis - BridgeLCC 2.0 is a bridge design life-cycle cost program 

that we used to compare the potential cost differences from using PCPC (Ehlen 

1999). The basic mode allows for a simple cost analysis that itemizes each cost and 

uses user specified inflation and discount rates to calculate a total life-cycle cost.  

 
Findings - Methods of PCPC Development 

Literary Chemical Research - It was found that the components of PCPC do not, by 

themselves, hinder or directly contribute to PCPC’s improved strength properties. 
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These findings confirmed that PCPC’s tensile strength mechanism is mechanical 

rather than chemical. 

 

Mortar Test Tube Beam Tests - It was found from these tests that the most likely 

strength mechanism within PCPC was reinforcing created by a resin continuous 

phase rather than bond improvements within the paste. This testing was unable to 

produce PCPC with the desirable strength properties observed in 1980. No other 

discernable trends were identified.  

 

Glass Transition Tests - The Tg tests found that the 1980 sample contained less 

polystyrene than samples manufactured in 2006. This could either mean that some 

polystyrene in the 1980 sample degraded over time or it could be a discrepancy in 

the amount of polymer originally in the sample. In either case, we know that a large 

amount of polystyrene still exists in the 1980 PCPC and that it behaves similarly to 

the material we used for this project. 

 

Custom PCPC Mixer Batch Tests – Previous mixes proved that the process that 

created PCPC’s improved performance properties was not as robust as expected. 

Most of the mixes achieved strengths similar to OPCC and not the improvements 

recorded in 1980. The mixes prepared as part of this research were based on an 

inversion theory using a very low water-to-cement ratio. Unlike earlier trial mixes, we 

achieved some success in creating a resin honeycomb-web-like structure within the 

cement paste that had desirable reinforcing characteristics. But ultimately all the 

target properties, particularly increased tensile strength, were not achieved. 

 
Findings - Methods to Demonstrate PCPC 

Absorption Analysis - The 1980 PCPC specimen absorbed 67 percent less water per 

unit surface area than the OPCC confirming the 1980 PCPC impermeability 

observations made by Mr. Owen. Tests of PCPC produced in 2008 showed 
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absorptions higher than OPCC suggesting a highly porous structure and inadequate 

dispersion of the polymer matrix likely resulting from incomplete inversion. 

 
Finite Element Modeling - These results showed that with PCPC defined properties 

used in a bridge deck it is possible to remove half of the deck material as well as 

three quarters of the reinforcing bar. It is likely that some steel may be needed in 

design to ensure a ductile failure at ultimate load. 
 

Life-Cycle Cost Analysis - The BridgeLCC maintenance and material life-cycle cost 

analysis showed that over a 70-year study period the maintenance and material 

costs of using the chosen PCPC bridge deck would decrease 79 percent. The 

majority of the savings came from reduced maintenance associated with the 

relatively impermeable PCPC bridge deck. The increased cost of the extra materials 

needed for the production of PCPC was more than offset by overall material 

reductions. 

 
Executive Conclusion 

Most of the strength values produced were similar to OPCC. However, one mix 

showed promise towards creating PCPC with improved properties. We were able to 

produce material that visibly underwent a partial inversion and exhibited signs of a 

polymer-reinforcing matrix although the target strength properties were not achieved. 

 

The results of the FEM bridge deck analyses suggested that it is possible to design 

decks that may deflect as much or more than current decks but will be highly 

resistant to cracking while saving a significant amount of material.  

 

The maintenance and material life-cycle cost analysis showed that in theory, PCPC 

used in bridge decks can significantly reduce maintenance and material costs. It is 

clear from our results that there is great cost saving potential with the use of PCPC 

in modern bridge decks. 
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The apparent cost saving possibilities from using PCPC in modern bridge decks 

serves as strong motivation to fully develop the material as envisioned. This project 

advanced towards the realization of the needed components and procedures to 

successfully produce PCPC. We have found some success in duplicating portions of 

results recorded from the 1980 mixes but further development is needed to achieve 

the full potential.  
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Chapter 1: Introduction 
 
1.1 Project Background 

A goal for any department of transportation is to reduce cost while preserving the 

quality of the state’s roads and bridges. For Wisconsin bridges the two primary 

sources of cost are the initial construction cost and the maintenance costs. While the 

cost of the initial construction is deterministic depending on the type of bridge and 

construction method, the maintenance costs are variable as they depend on 

maintenance practices, climate, traffic volume, bridge skew, material properties and 

deicing chemicals - factors that contribute to bridge deck deterioration. Typically, 

within the first few years, concrete cracks and scaling creates the maintenance cost 

of sealing and patching (Fig. 1.1). Eventually the deck concrete deterioration 

worsens and an overlay of epoxy or asphalt is often used. Finally, complete bridge 

deck replacement is necessary and is what contributes to the largest portion of the 

maintenance cost.  

 

 
Figure 1.1 - Crack with Leeching on Bottom Slab Surface, Black Earth Creek/USH 14 Deck 

 

The main cause of this rapid deck deterioration is the early crack development in the 

deck concrete. The concrete cracks create stress concentrations and weak points 

that allow for water and chemical intrusion leading to freeze thaw damage, and steel 

corrosion, and distribution of wheel loads that further damage the concrete.  Current 
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bridge deck design in Wisconsin is based on AASHTO specifications and cracked 

section theory. This means that all current decks are designed assuming that the 

tensile strength of concrete is zero and that the concrete will crack under service 

loads. The deck design relies solely on reinforcing for tensile strength. Significantly 

reducing the maintenance costs of bridges is extremely difficult given the current 

materials and methods used to construct bridge decks. Asphalt patching and 

overlays are often used to extend life but eventually the decks must be replaced. 

The strategy proposed in this project is to manage the bridge deck asset through 

new materials and methods of constructing the bridge deck. 
 

Portland cement polymer concrete, or PCPC, is made with similar materials as 

traditional concrete but is combined with the monomer styrene that ultimately 

polymerizes simultaneously with the hydration process. To our knowledge, this 

material was successfully produced in small quantities several times in the 1980's. 

The end result was a material virtually impermeable to water and chemicals along 

with a tensile strength nearly five times that of traditional concrete. Such a material 

could revolutionize the design, the performance and the strategies in managing 

concrete bridge decks. The need for reinforcement could be dramatically reduced, 

corrosion of the reinforcing steel and the tendency to crack under deck flexure and 

environmental conditions would be dramatically reduced. Per unit volume PCPC 

costs about 50% more than the ordinary Portland cement concrete, or OPCC, which 

is currently used. It is hypothesized that this increased material cost can be more 

than offset by reductions in steel and concrete sections needed as well as reduced 

maintenance costs and dramatically improved life-cycle costs. This project will 

investigate that hypothesis and assess the economic motivations for continued 

research and development of PCPC for bridge deck applications.  

 

1.2 Research Objectives 

There were two main objectives for this research. The first was to achieve the 

increased strength properties and impermeability of PCPC and define the exact 
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procedures, components and mechanisms needed to reproduce it. This was 

pursued by several means including mortar test tube beam tests, literary research 

and custom mixer batch testing. The second objective was to demonstrate the 

improved performance and resulting reduced maintenance and material life-cycle 

costs from using PCPC rather than OPCC in northern Midwest bridge decks. By 

setting deflection and stress performance limits to a typical bridge deck, a finite 

element model of an existing bridge deck was compared to several modified finite 

element models of the same deck. The modifications reduced the steel and concrete 

material. The maintenance interval was also changed due to PCPC’s known 

impermeability to chloride and other degenerates. 

 

1.3 USH14/Black Earth Creek Bridge 

The Black Earth Creek/USH 14 Bridge (B-13-0005) in Cross Plains Wisconsin was 

selected as a typical bridge to model in order to illustrate the performance 

characteristics of PCPC. It has a moderate span of 65ft with an 8in reinforced 

concrete slab over six 36in prestressed girders shown in Figure 1.2. The deck is 

rectangular with a standard 2 percent slope from the centerline crown. The deck 

contains a top and bottom layer of typical longitudinal and transverse steel 

reinforcing. The concrete was specified as 4ksi OPCC.  

 
Figure 1.2 - 1989 WisDOT Simplified Cross Section Plan of Bridge Deck B130005 

 

The history of the bridge highlights the necessity for an improved deck material. The 

bridge was originally built as a steel girder bridge in 1935. In 1975 the deck was 

replaced.  In 1991 that deck showed spalling, delamination and cracking. The deck 
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was replaced again in 1993 along with its substructure. A 2005 inspection of the 

bridge deck reported light longitudinal and diagonal cracks. Viewing the deck in 2008 

showed vertical cracks through the deck and signs of leaching. Figure 1.3 shows the 

bridge as it is today. 

 

 
Figure 1.3 - Black Earth Creek/USH 14 Bridge in Cross Plains Wisconsin 

 
1.4 Project Scope 

This project investigated the potential maintenance and material life-cycle cost 

improvements of using PCPC in modern bridge decks using finite element modeling 

and life-cylce cost analysis. The project also attempted to reproduce the PCPC 

material and to optimize material properties with certain control parameters. Such 

parameters include: resin content, water/cement ratio, resin/paste ratio, 

superplasticizer content, initiator content, aggregate content, mix procedures, 

material temperatures and curing properties. The project does not attempt to create 

a new specification for its use in industry. Current AASHTO specifications use 

cracked section theory for OPCC and would not utilize the increased tensile strength 

of PCPC. To fully optimize the use of PCPC, a new specification would have to be 

developed. PCPC’s tensile strength would have to be included in the moment couple 

used in current specifications.  
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Chapter 2: Literature Review 
 
2.1 Introduction 

There are several ways in which polymers and monomers have been used to 

attempt to improve the performance of OPCC. In order to understand the unique 

characteristics of the PCPC used in this project, we must first understand these prior 

attempts as well as the terminology differentiating the different types. The following 

are explanations of the different ways in which polymers and monomers have been 

used in OPCC including, polymer concrete, polymer impregnated concrete, and pre-

polymerized and post-polymerized Portland cement polymer concrete.  

 
2.2 Polymer Concrete 

Polymer concrete contains only aggregate and polymer and is often used to overlay 

existing material (Ohama 2005). Polymer concrete is not a modified OPCC and in 

fact uses no Portland cement at all. It is mentioned here only to clarify terminology. 

The polymers are typically epoxy and latex, and are polymerized before application.  

 
Figure 2.1 - Workers Applying a Polymer Concrete Overlay (EbondEpoxies.com) 

 

2.3 Polymer Impregnated Concrete 

In polymer impregnated concrete the cement paste is allowed to hydrate in advance 

of polymer inclusion (Fig. 2.1). The polymer or monomer is injected into the 

hardened concrete pores using pressure and the polymer is allowed to cure 

(Steinberg 1968, 1969). In the case of injected monomers the concrete is subjected 
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to either heat or radiation to induce polymerization inside of the concrete. This 

process has been shown to improve weather resistance and compressive strength. 

In some cases the tensile strength also increased. Even though the weathering and 

strength gains of polymer impregnated concrete are attractive, they are generally not 

large enough to offset the impracticality of pressure injecting polymer into large slabs 

of concrete bridge deck.  

 

2.4 Portland Cement Polymer Concrete 

Portland cement polymer concrete combines the materials of OPCC with a 

monomer/polymer resinr in the wet mix. After the concrete is mixed and molded, the 

cement hydrates in parallel with monomer polymerization. Common synonyms 

include polymer cement concrete (PCC), polymer Portland cement concrete (PPCC) 

or polymer modified concrete (PMC). There are two types of PCPC, pre-polymerized 

and post-polymerized - which correspond to the use of polymer versus monomer 

during the mixing process. 

 

2.4.1 Pre-polymerized PCPC 

Pre-polymerized PCPC uses polymers that are already in a chain polymer structure 

before they are mixed into the wet mix (El-Hawary 2005). Examples of polymers 

used are: epoxy, latex, polystyrene and polypropylene (Popovics 1978). The 

polymer is mixed into the wet mix and allowed to cure simultaneously with the 

cement hydration.  The material may need to be heated before mixing in order to 

decrease its viscosity. This process has yielded moderate strength gains in tension 

and compression but has not shown improvement in the tension-to-compression 

strength ratios. 

 

2.4.2 Post-polymerized PCPC 

Post-polymerized PCPC uses monomers that are mixed into the wet mix then 

polymerized simultaneously with the hydration process. Two common monomers 
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used are styrene and maleic anhydride. While styrene can polymerize on its own to 

form polystyrene, maleic anhydride cannot and must be polymerized with styrene to 

create styrene-maleic-anhydride copolymer (Baruah 1996). The monomers must be 

initiated by a free radical initiator such as benzoyl peroxide or azobisisobutyronitrile 

(Bevington 1957). After initiation the monomers begin to form polymers or 

copolymers.  In most cases, the polymerization is accelerated by applying heat or 

radiation light energy to break up the free radical initiators. The monomers then 

polymerize within the pores of the cement and aggregate. This type of PCPC was 

attempted several times in the mid 1970’s and reported in symposiums of polymer in 

concrete research put together by the American Concrete Institute (Dikeou 1977). It 

was tried again in 1980 by Hudson Owen, a mechanical engineer in Marshfield, 

Wisconsin. 
 

2.4.2.1 1970’s Polymers in Concrete 

Gebauer and Coughlin (1971) experimented with post-polymerized PCPC using the 

monomers methylmethacrylate (MMA) and styrene. They cast paste and mortar 

specimens into 1inch diameter by 2inch high glass vials and used heat or irradiation 

to polymerize the monomers at 25°C for 28 days. The specimens were then held at 

70°C for 8 hours then dried at 105°C for 48 hours after the glass was removed. The 

mortar had a water-to-cement ratio of 0.40 and a monomer to cement ratio of 0.20. 

They conducted several tests including compression tests and absorption tests. 

They found that the inclusion of MMA yields poorer properties than the control and 

concluded that the monomer may interfere with the cement hydration process. The 

inclusion of styrene monomer yielded better results than the control in both 

compression and absorption. The compressive strength increased 2 to 3ksi from the 

control 7ksi and the water absorption fell from 7% to about 1.5% shown in Figure 

2.2. Unfortunately, Gebauer and Coughlin did not conduct any tension or bending 

tests which could have been used to compile tension-to-compression strength ratios. 

There was also no information on how the monomers were mixed into the wet mix to 

contrast with our methods. Their research does confirm that styrene monomer post-
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polymerized PCPC can improve impermeability and compressive strength over 

OPCC and that styrene monomer tends not to interfere with the cement hydration 

process. 

 

 
Figure 2.2 - Gebauer and Coughlin Compressive Strength Data (Gebauer 1971) 

 

In 1973, Chen and Jorgensen attempted to produce post-polymerized PCPC using 

diacetone diacrylamide monomer. This solid monomer was first dissolved in water 

then mixed with cement and aggregate. The results were poor and the specimens 

tended to crack and crumble before testing could occur. They concluded that the 

monomer reacted ‘unfavorably’ with the hydration of the cement.  

 
In 1974, Morgan, Cook, Chaplin, and Sirivivatnanon conducted a study on post-

polymerized PCPC. They used a combination of the following five monomers: 

acrylonitrile, styrene, methyl methacrylate, vinyl acetate and polyester-styrene. 

When polymerized, these monomers formed a number of polymers and copolymers. 

They varied monomer volume, surfactants and polymerization method including 

irradiation and thermal. Their results showed slight to modest increases in 

compressive strength for mortars containing up to 10% monomer using styrene and 

methyl methacrylate. A maximum compressive strength increase of 6.4% was 

achieved with styrene and 16.3% with methyl methacrylate. Acrylonitrile, vinyl 
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acetate and polyester-styrene trials all yielded strengths less than control and 

sometimes produced specimens with non-hydrated cement. Some of these 

specimens emitted monomer odor that indicated polymerization was not complete.  

 

Morgan, Cook, Chaplin, and Sirivivatnanon (1976) continued their previous work and 

focused on paste set time as well as cement hydration effects from monomer 

inclusion. Three additional monomers were added to the study: isoprene, 2-hydroxy-

ethyl methacrylate and butyl methacrylate. They found that acrylonitrile and methyl 

methacrylate monomers acted as mild set retarders increasing the set time between 

125 and 275 minutes. Polyester styrene and 2-hydroxy-ethyle methacrylate 

monomers had a large retarding effect delaying set time by more than a day. All 

other monomers, including styrene, had no significant effect on set time. By 

measuring the percentage of chemically combined water, they determined that the 

inclusion of the monomers had a decreasing effect on the amount of hydration. 

Styrene monomer contributed to a 20% decrease in hydration. This research 

showed that styrene can partially hinder the hydration of cement even though 

previous studies have found specimen strengths and set times to be unchanged. 

 

In 1977, the American Concrete Institute under Chairman James T. Dikeou reported 

on polymers in concrete including post-polymerized PCPC. The report summarized 

several difficulties associated with post-polymerized PCPC which included: 1) 

interference with hydration of the Portland cement; 2) chemical reaction between 

monomer and the cement paste, e.g. hydrolysis; 3) difficulty in dispersing the 

organic component through the mix; and 4) poor polymer-aggregate bond. After this 

report, no other research was found that attempted to create post-polymerized 

PCPC with styrene or other types of monomer. The next known attempts were 

conducted by Hudson Owen between 1970 and 1980. 
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2.4.2.2 1980 Hudson Owen Tests 

Between 1970 and 1980 S. Hudson Owen, a mechanical engineer, worked privately 

on developing PCPC using homemade equipment. He eventually employed a 

custom concrete mixer and created a method that successfully produced PCPC with 

increased performance properties. Lack of funding ended the project and resulted in 

disposal of the equipment. However, Mr. Owen and his notes were available to us 

during this project and provided continuous assistance. Although the material was 

successful in 1980 the mechanisms by which it was successful were not established 

at the time.  

The values in Table 2.1 are the defined properties for the 1980 PCPC specimens 

and are also used later in this research to estimate future PCPC properties. The 

strength values in Table 2.1 are based on compression and split tension cylinder 

tests conducted in 1980 by John Herzog at the University of Wisconsin-Madison. Mr. 

Owen shipped several samples to be independently tested at the University during 

1980. A portion of the data can be seen in Appendix F and represents mixes that 

contained 10% Dylark 332 (Nova 2008). Later mixes that contained 20% Dylark 332 

produced the properties in Table 2.1. The impermeability property was first observed 

by Mr. Owen in 1980. When water was introduced to the surface of the material it 

would bead off while water on OPCC would soak in. The 1980 PCPC was sawn into 

disks and approximately ½ an ounce of water was placed onto one disk and 

observed overnight. The majority of the water evaporated before soaking in. This 

research was commenced under the assumption that these properties could be 

replicated and ultimately improved upon. 
 Table 2.1 - 1980 PCPC Defined Properties 

         

  PCPC Defined Properties Value Based On  

  Ultimate Tensile Strength 1,500 (psi) 1980 3in x 6in Cylinder Tests Run by 

John Herzog at University of 

Wisconsin-Madison 

 

  Tension/Compression Ratio 0.30 - 0.50  

  Compressive Strength 5,000 - 3,000 (psi)  

  Water Absorption Relatively Impermeable Generally Impermeable by Observation  
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Chapter 3: Methodology 
 
3.1 Introduction 

The methodology by which the project objectives were pursued was a combination 

of literary chemical research, a mortar test tube beam test developed for this 

research, custom PCPC mixer batch tests, and finite element models of the Black 

Earth Creek bridge deck. 

 

3.2 Literary Chemical Research 

To make the material testing more efficient, an emphasis was put on understanding 

the chemical makeup of all PCPC components to anticipate reactions and non-

reactions. The components included: Portland cement, styrene, maleic anhydride, 

superplasticizer, water, benzoyl peroxide, azobisisobutyronitrile and aggregate. 

Each was compared to investigate and create possible theories on what 

mechanism(s) contribute to PCPC’s improved properties. The research was used to 

refine the theories to be tested. However, the research was used only as a guide 

knowing that the actual complex stoichiometry of the components could produce 

unknown reactions. No possibility should be considered fully disproved. 

 
3.3 Mortar Test Tube Beam Test 

There were no ASTM or ISO standards for testing concrete resin composite beams, 

so a three point bending test method was developed using small mortar beams to 

complete a data matrix. Mortar was chosen in place of concrete so that smaller 

specimens could be used to accelerate the trials. We had no reason to believe that 

coarse aggregate was a necessary component needed to reproduce the desired 

properties. For each trial the mortar was mixed in a pan and the resin was 

introduced with varying dispersion techniques. The specimens were made by 

scooping the wet mix into glass test tubes and tapping them vigorously for thirty 

seconds or until consolidated. They were partially capped to prevent spillage but to 
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allow for volume change. They were then placed vertically in a custom rubber stand 

and placed into a heated water bath. The specimens were 95% submerged and 

remained in the bath for 20 to 24 hours and removed to cool for 24 hours.  

 

 
Figure 3.1 - Mortar Test Tube Beam Test Dimensions 

 

After the mortar was curing regime completed approximately 48 hours, the glass 

tubes were broken off using a glasscutter and utility knife. The specimens were 

labeled and tested in 3 point bending as shown in Fig. 3.1 yielding results of max 

load (lbf) and cross head extension (in) using a MTS 10,000lbf machine. Care was 

taken to keep imperfections, voids and surface defects out of the specimens bending 

tension zone. Further details of the mortar test tube beam (MTTB) test can be found 

in Appendix A. The MTTB test’s validity was confirmed by mixing various 

independent control samples that yielded the same results (Appendix B). The 

advantages of this method include: fast specimen production, testing actual material 

not components of, and controlled failure mode. 

 

3.4 PCPC Custom Mixer Batch Testing 

Several mixes were made using the custom PCPC mixer that produced larger mixes 

to allow use of standard concrete testing procedures. The custom PCPC mixer was 

designed by Hudson Owen and uses centrifugal force generated by an electric 

motor to create a continuous flow of cement paste. Heated aggregate and resin 

were introduced to the flowing surface of cement paste creating an immediate 

homogenous PCPC mix. Resin and aggregate amounts could easily be modified for 
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each mix. The mixer produced batches up to 2 cubic feet or 200 pounds that were 

cast into 4”x8” cylinder molds. Those cylinders were tested using standard concrete 

testing procedures such as ASTM C496/C496M Standard Test Method for Splitting 

Tensile Strength of Cylindrical Concrete Specimens and ASTM C39/C39M Standard 

Test Method for Compressive Strength of Cylindrical Concrete Specimens. The 

specimens were tested in a SATEC 400,000lbf compression machine. The data was 

collected and organized in Appendix C.  

 

3.5 Finite Element Model 

The finite element modeling program ANSYS, Inc 11.0 was used to model the Black 

Earth Creek bridge deck (ANSYS, Inc 2007). Analysis was performed using solid, 

beam and link elements to model the deck, girders and steel reinforcing. The model 

utilizes two planes of symmetry reducing computational costs as only one quarter of 

the entire deck is represented.  The two symmetry planes account for the transverse 

and longitudinal boundary conditions while three rollers at the end of the girders 

account for the vertical boundary conditions. A portion of the model is shown in 

Figure 3.2. Note that the beams are beam elements not solid elements. The 

rendering is the extruded view of the model showing the shape and orientation of the 

elements. This model allows for a variety of loads to be applied. The applied load 

used in this project was a standard tandem load with 25kip axle weights located at 

mid-span as used in ACI bridge deck design. Further details of the element types, 

boundary conditions and loads are discussed in Chapter 5. 
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Figure 3.2 - 3D Rendering of Finite Element Model 

 

Figure 3.2 also shows the model with the some solid elements unselected so that 

the link elements are exposed. The link elements represent the longitudinal and 

transverse steel reinforcement. They are also shown in the extruded view in order to 

see their relative thickness. These elements can be easily manipulated in size and 

number. Changing their position is more involved. A first order analysis of this model 

required only a few minutes of computer time while the second order analysis, using 

nonlinear material or crack progression, took several hours. This project used a first 

order analysis given that typical bridge deflections are small and bridge materials are 

designed within their linear range under service loads.  
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Chapter 4: PCPC Development 
 
4.1 Introduction 

The development of PCPC was attempted using several methods at several different 

stages. A custom PCPC mixer was used in 1980, 2006, and 2008, to test several 

theories. Literary research was done to refine which theories were most viable to 

test. The mortar test tube beam tests were performed to quickly test several theories 

that would have otherwise been tested using the custom mixer. Glass transition and 

digestion tests were also executed to answer several questions regarding PCPC. 

 

4.2 Hudson Owen’s 1980 PCPC Mixes 

In 1980, Mr. Owen successfully created a PCPC material with impermeability and a 

tension-to-compression strength ratio between 0.30 and 0.50. An independent 

material testing lab tested the samples in split tension. The results showed increases 

in tensile strength up to 1,500psi. Mr. Owen observed several behavioral changes as 

well. Based on his testimony the concrete produced slow creaking and tearing-like 

sounds at failure while increasing the ductility. Several scanning electron 

micrographs were taken to investigate the structure of the resin. One such 

micrograph is shown in Figure 4.1. One can see that in the photo it appears that the 

resin formed a web-like structure surrounding the sand grains. This would suggest 

that the web-like structure was acting like reinforcing. However, it was unknown if 

the resin structure shown in the photo was the cause of the strength gain.  
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Figure 4.1 - SEM Photo of Resin Structure within PCPC Sample 

 

After the scanning electron micrograph (SEM) photos were taken, no other 

investigation was performed on the mechanism of strength improvement which 

resulted in a gap in information. It was known approximately what materials and 

amounts were put into the mix and how they were mixed, but it was not known what 

caused the resulting performance increases. It was not clear which materials, 

quantities, temperatures or procedures contributed to the outcome. The only 

evidence was Mr. Owen’s testimony, the SEM photographs and sawed discs of the 

old material. This project put emphasis on developing theories and identifying the 

mechanism(s) associated with the performance improvements of the 1980 PCPC 

and then producing them.  

 

4.3 Chemical Research 

The literary research focused on investigating the known components of PCPC to 

find what reactions could take place then determining if those reactions could 

contribute to PCPC’s improved performance. Several questions were asked about 

each component’s reactivity with the other components and then answered through 

research. The end result was a better understanding of the chemical processes 

within PCPC. 
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4.3.1 Aggregate Reactions 

Out of the possible mechanisms it was thought that the aggregate-to-cement bond 

could have been strengthened, yielding the material performance gains. This led to 

an investigation of aggregate reactive ability. It was found that aggregates were far 

more reactive than previously thought (Tasong 1998). Feldspar, consisting mostly of 

basalt and quartz, tended to absorb and release several ions possibly indicating 

hydration of the aggregate surfaces. Several of the ions included Ca2+, Mg2+, Al3+, 

Na+, K+, Si4+, Fe2+ OH- and SO4
2-. The aggregate used in the 1980 PCPC mixes was 

from a moraine in central Wisconsin near Marshfield that had a high concentration of 

feldspar giving the potential for some reactions to take place. PCPC contains maleic 

anhydride contained in the Dylark 332 as styrene-maleic-anhydride copolymer (Nova 

2008). When dissolved in styrene monomer the maleic anhydride separates into 

monomer form. Maleic anhydride has the chemical form shown in Figure 4.2. Its 

hydroxyl groups are fully bonded however when water is introduced maleic 

anhydride can hydrate into maleic acid, also shown in Figure 4.2 (Fleet 1952).  

The resulting hydroxyl groups could potentially react with aggregate surfaces. 

However, it is unknown if a reaction occurs or if any reaction could result in improved 

bond strength. The maleic acid – aggregate reaction was the only apparent 

possibility for aggregate surface reactions after investigating all other non-cement 

components of PCPC.  

 

 
Figure 4.2 - Maleic Anhydride and Maleic Acid Skeletal Formulas 

 

 

Even though the possibility existed that some reactions were occurring between the 

maleic anhydride and aggregate it was unlikely that it resulted in the improved 
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performance of PCPC for two reasons. One, the PCPC paste only contained 25 

percent resin, 2.8 percent of which was maleic anhydride making its total 

concentration very small relative to the total mix. Secondly, if maleic anhydride 

improved the aggregate-to-cement bond the material would still fail in the next 

weakest mode, the cement-to-cement bond. Cement bonds are theoretically very 

strong at the microscopic level but yield poor tensile strength at the large scale due 

to imperfections in the ettringite matrix (Neville 1996). These two reasons suggested 

that it was unlikely that bond strength was the mechanism for PCPC’s improved 

tensile strength. 

 

4.3.2 Polystyrene vs. Styrene Maleic Anhydride 

The resin used in PCPC is a styrene and Dylark332 blend, four parts styrene to 

every one part Dylark332 by weight (Nova 2008). Dylark332 is a styrene-maleic-

anhydride copolymer with a repeating structure shown in Figure 4.3. One question 

that arose was determining what polymer was the result when this blend was 

polymerized. Either the dissolved monomers formed styrene-maleic-anhydride 

copolymer (SMA) or polystyrene polymer. Looking at several papers it was found 

that the low concentration of maleic anhydride in the PCPC resin proved that the 

resulting polymer must have been polystyrene with a possibility of isolated SMA 

copolymer (Baruah 1996, Harrisson 2005). 
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Figure 4.3 - SMA Copolymer Alternating Structure 

 

Comparing the properties of polystyrene and SMA revealed that they are similar in 

tensile strength and modulus of elasticity (Alger 1989, AzoM 2007). SMA has slightly 

higher tensile strength and better heat resistance (Stachurski 2003). Although the 

properties differed, they both have a tensile strength above which was reported as 

the split tensile strength of the 1980 PCPC specimens. It was likely that both 

polystyrene and SMA would be able to produce strength improvements beyond 

OPCC. 

   

4.3.3 Benzoyl Peroxide and Azobisisobutyronitrile 

In order to start the polymerization process a free-radical initiator was added to the 

resin. In the 1980 PCPC mixes benzoyl peroxide was used. In some of the more 

recent mixes, azobisisobutyronitrile was used in combination with benzoyl peroxide. 

Free radical initiators are molecules that readily ‘break’ to produce smaller molecules 

with unpaired electrons (Bevington 1957). Typically, heat or light is used to induce 

the break as illustrated in Figure 4.4. Radiation can also be used. Once the radicals 

are broken and introduced to certain monomer solutions a polymerization chain 

reaction begins. The question arose of what effect, if any, using both initiators had 

 
 

19



 
20

on the polymerization process. It was found that the initiators had an exponential 

effect on polymerization and did not hinder each other in any way (Opeida, I.A. et al 

2006). 

 

 
Figure 4.4 - Free Radical Initiator Skeletal Formulas 

 
4.3.4 Superplasticizer Effects 

Superplasticizer is needed in PCPC in order to keep the mix workable at very low 

water/cement (w/c) ratios. Superplasticizer has anti-coagulant properties that in turn 

do not increase the w/c ratio. The superplasticizer used in the 1980 mixes was 

Sikament NS by Sika Corporation. The main ingredients of Sikament NS were poly-

naphthalene and sulfonic acid creating sodium salt of poly-naphthalene sulfonic 

acid. Naphthalene has a very stable dual benzene ring structure while sulfonic acid 

is a highly unstable acid but becomes stable when bonded to the benzene rings 

(Sulfonic Acid 2008). The resulting compound does have hydroxyl groups that could 

potentially react with aggregates, as previously discussed, but no other reactions 

were discovered with the non-cement PCPC components. There was little evidence 

that the superplasticizer used had a chemical effect within PCPC that created the 

improved performance properties.  
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4.3.5 Cement Reactions 

Cement consists mostly of tricalcium silicate, dicalcium silicate, tricalcium aluminate, 

tetracalcium aluminoferrite and gypsum. During hydration, several reactions occur 

between the mineral components that result in a mix of calcium hydroxide, ettringite 

and calcium silicate hydrate (C-S-H) structures which can be recognized by 

scanning electron microscopy (Fig. 4.5). No evidence was found that any of these 

components react chemically with the resin. Several other resin concrete attempts 

also showed that styrene did not fully hinder the hydration process as discussed 

earlier. Based on the evidence available, there was no indication that cement 

hydration directly reacts with resin or its initiators. 

 

 
Figure 4.5 - SEM Photo of OPCC Components (from the National Institute of Standards and 

Technology) 

 

 

4.4 Marshfield Runs 2006 

In late 2005 prior to the research presented herein, mixing of PCPC was reinitiated 

in an attempt to recreate the successful mixes from 1980. New equipment was 

designed and fabricated on the same principles as before. Several mixes were 
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attempted while producing 4in x 8in cylinders that were then tested in split tension 

and compression. An image of the equipment used is shown in Figure 4.6.  

 
Figure 4.6 - PCPC Custom Mixer System 

 

The first mixes were used to make OPCC control specimens and to make general 

equipment adjustments. The remainder of the mixes saw several variable changes 

attempting to reproduce the 1980 PCPC. Some of those changes are listed below: 

• Aggregate temperature was changed attempting to control the rate of 

polymerization and hydration 

• The superplasticizer type was changed to Sika Plastiment NS 

(triethanolamine) to see if it caused changes in the results 

• Dylark332 was switched with EF40 from Sartomer Company increasing the 

maleic anhydride content 

• The resin spray nozzle opening diameters were changed from the original 

0.0133in to 0.0200in to adjust resin bubble size 

• Both air curing and water bath curing were used to adjust polymerization rate 

• The resin, water and superplasticizer quantities were continually adjusted 

 

All of the mixes resulted in strength properties similar to that of OPCC. The strengths 

would change, but the tensile-to-compressive strength ratio remained near the 
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normal range of 0.10. SEM photographs proved that in these mixes the resin was 

difficult to detect. We saw sporadic globules of resin that were isolated and caused 

voids within the cement paste shown in Figure 4.7. However, the specimens that 

included resin did resist water absorption shown by water beading on the surface of 

the resin samples while soaking into the OPCC samples.  

 

 
Figure 4.7 - SEM of Typical 2006 PCPC Mix with apparent Resin Voids 

 

The Marshfield mixes proved that the process that created PCPC’s improved 

performance properties was not as robust as once thought. The mixes were based 

on 1980 notes and not on any specific theories. Testing of the specimens produced 

suggested that we were not achieving a matrix of reinforcing polymer believed to be 

necessary to achieve improved properties.  It was concluded that the approach of 

method duplication was not achieving the desired result. Trying to reproduce 

methods was replaced by testing theories. The new approach called for identifying 

theories of what mechanisms could cause PCPC’s improved strength properties 

then investigating them. 

 

4.5 PCPC Strength Gain Mechanisms   

Two broad PCPC strength gain mechanism theories were identified. The first 

focused on bond improvement occurring between the aggregate and cement paste 

and between cement particles. The resin could have formed a chemical or physical 
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bond between any of these particles giving the entire material improved strength 

properties. With literary research, it was discovered a chemical bond was unlikely, 

but the possibility of a physical bond improvement remained. As discussed 

previously, in order for bond improvement to be the mechanism both the cement-to-

aggregate and cement-to-cement bonds would have to be strengthened; otherwise 

the material would fail at the weaker of the two. Although this mechanism was likely 

improbable some tests were still conducted to test it.  

 

The second broad theory focused on a continuous phase of resin distributed through 

the material in turn creating a reinforcing web. The resin phase would have to be 

continuous enough so that the tensile forces created could be transferred through it 

without rupture. The structure of the phase itself was unknown. The resin could have 

formed several shapes including but not limited to microscopic fibers, macroscopic 

fibers, bubbles, solid droplets or porous droplets. Theoretically, any of these resin 

forms could combine with each other to form a resin continuous phase once 

polymerized. The first approach to test these theories using mortar test tube beams. 

 

4.6 Mortar Test Tube Beam (MTTB) Tests 

A variable matrix guided the mortar test tube beam tests in an attempt to converge 

on the values needed to reproduce PCPC’s improved properties (Fig. 4.8). The 

sampling, casting, curing and testing of the specimens remained constant while the 

resin content and mixing method varied. The w/c ratio remained constant at 0.45 for 

workability needed with this mixing method even though the 1980 mixes had 

significantly lower w/c values (0.30 or less). The approach to this method was to 

start with a theory for PCPC’s strength gain mechanism then to investigate a method 

to mix it in order to induce the mechanism varying the resin content from 0 percent 

to 15 percent. Six mixing methods were attempted starting with the easiest. 
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Figure 4.8 - MTTB Test Tubes before Sampling 

 
4.6.1 Standard Mortar Mixing Method 

Standard mortar mixing was used to establish a control. This consisted of mixing the 

water and cement separately then adding the fine aggregate only.  Using a putty 

knife the mortar was flop-mixed by hand until it achieved a homogeneous 

consistency. Five (5) control sets were tested during the duration of the testing. The 

three-point bending strength values averaged to 1,090psi at the outer fibers. This 

value appeared to be high compared to OPCC’s typical tensile strengths around 

300-500psi (Neville 1996). However, there are several reasons that could have 

attributed to the relative high value.  

 

1. Mortar tends to be stronger than concrete due to the lack of coarse aggregate 

(Neville 1996). Using only fine aggregate creates a higher percentage of 

continuous phase cement increasing the material strength. 

2. Strength tends to increase as sample sizes decrease due to a reduction in 

imperfections (Neville 1996). The mortar beams were very small, 0.335in 

diameter by 1.5in length.  

3. The paste-to-aggregate ratio of the control specimens was high compared to 

OPCC, further increasing the percentage of continuous phase cement. The ratio 

was 0.76 compared to 0.35 of OPCC. 
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These reasons likely contributed to the high control sample strengths but since the 

test plan relied on relative comparisons to the control these high values were not 

considered problematic. The values were consistent from set to set giving validity to 

the tests. The control strengths were averaged so that a later relative increase in 

strength would be detectable. The mix design used for each control set is shown in 

Table 4.1. 

 
Table 4.1 - MTTB Control Mix Design 

        

  Control Mix Design  Grams  

  Sand  100  

  Resin  0  

  Cement  52  

  Water  24  

  Total Paste  76  

        

  w/c  0.46  

  paste/aggregate  0.76  

        

 

4.6.2 Resin Coated Aggregate Method 

In an attempt to induce aggregate-to-cement bond improvements, pre-coating the 

sand was tested. Using the same mix design as the control, with the exception of 

adding resin, the cement and water were mixed separately from the sand and resin. 

The resin-sand was then mixed into the paste until flop-mixing formed a 

homogenous consistency. In some cases, the hydrophobic nature of the resin made 

mixing difficult, but several samples were still achieved with resin contents varying 

from 1.7 percent to 15 percent. From the data shown in Table 4.2, it was concluded 

that this method did not reproduce PCPC with improved performance properties. 

Overall, the flexural strengths were similar to control values with some variance. 
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Increasing the resin content beyond 15 percent was tried, but the mix tended to 

reach a saturation point where a homogenous consistency was no longer possible. 
Table 4.2 - Resin Coated Aggregate MTTB Stress Data 

          

  Styrene:SMA Resin Content (%) Max Stress (psi)   

  
4:0 

1.74 1,014   

  15.05 791   

  

4:1 

1.74 985   

  4.97 1,160   

  10.13 1,197   

  15.05 1,214   

          

 

4.6.3 Spray Bottle Mist Method 

The next attempt was a simplification of the mixing type used in 1980 while trying to 

produce a continuous phase of resin in the mix. The mortar was mixed completely 

including the sand, cement and water. Using a standard spray bottle, the resin was 

sprayed over the surface of the mortar. After a few sprays the material was flop-

mixed and sprayed again. This continued until the measured amount of resin was 

added. This method proved to ease the ability for the resin to mix with the mortar. 

Only 4:0 Styrene:SMA resin was used due to its low viscosity producing a resin mist. 

The 4:1 resin was too viscous for the spray bottle. The surface tension was high 

enough that the pressure from the bottle could not atomize the resin. The results 

showed some slight increases in strength over control, but not sufficient to claim this 

method reproduced PCPC’s improved property mechanism. The data is shown in 

Table 4.3. 
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Table 4.3 - Spray Bottle Mist MTTB Stress Data 

          

  Styrene:SMA Resin Content (%) Max Stress (psi)   

  

4:0 

1.74 1,284   

  4.97 1,329   

  10.13 1,319   

  15.05 1,098   

          

4.6.4 Spray Bottle Stream Method 

The 4:1 resin had a viscosity sufficient to keep it from atomizing using the spray 

bottle resulting in a stream of resin rather than a mist. The mixing was similar to 

pouring the resin into the mix and flop-mixing it. No specific theory was tested but 

the samples were finished and tested regardless. The data in Table 4.4 showed that 

simply mixing the resin into the mortar was not effective and, at larger resin 

percentages, decreased the strength of the material in relation to the control. 

 
Table 4.4 - Spray Bottle Stream MTTB Stress Data 

          

  Styrene:SMA Resin Content (%) Max Stress (psi)   

  
4:1 

1.74 1,141   

  10.13 509   

          

 

4.6.5 Single Nozzle Spray Open Atmosphere Method 

It was clear that more pressure was needed to atomize the 4:1 resin so a custom 

spray apparatus was built in order to utilize shop air (90psi) to spray the resin. One 

spray nozzle from the mixer was attached to the shop air and positioned 12in above 

the mortar mixing pan as shown in Figure 4.9 and Figure 4.10.  

 
 

28



 
29

 
Figure 4.9 - MTTB Nozzle Spray Apparatus Diagrams 

 

The nozzle was charged with about 0.4g of resin then sprayed into the mixed mortar, 

charged and sprayed again. This method was again trying to produce a continuous 

phase of resin by dispersing it finely but uniformly. The idea was the resin droplets, 

bubbles or fibers would touch to combine into a continuous phase and polymerize. 

Flop-mixing was used in order to control the mixing intensity. It was thought if the 

mixing was too abrasive it could destroy the resin linkage that had formed. 

 

 
Figure 4.10 - MTTB Nozzle Spray Apparatus Diagram with Nitrogen Enclosure 

 
Several mixes were tried with 4:0 and 4:1 resin while varying resin age and initiated 

time. The results showed that some mixes had improved strength and it was thought 
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that the method was showing promise. To confirm this, a reference mix was made 

using the same apparatus and procedure, but without resin. Table 4.5 shows that 

the reference mix produced mortar above the control and above most of the resin 

mixes. This proved that the strength increases were not due to the resin inclusion, 

but due to the method of mixing. The most likely reason was that the continuous 

spray of air onto the mortar surface decreased its w/c ratio in turn increasing the 

cement strength. The resin contents were lower in this method due to saturation 

points being observed much earlier. 

 

 
Table 4.5 - Single Nozzle Spray Open Atmosphere MTTB Stress Data 

          

  Styrene:SMA Resin Content (%) Max Stress (psi)   

  

4:0 

0 1,419   

  

10.13 

1,172   

  1,040   

  1,354   

  1,495   

  1,056   

  

4:1 

1.74 1,492   

  

4.97 

945   

  1,311   

  1,434   

  1,138   

          

 

4.6.6 Single Nozzle Spray Nitrogen Atmosphere Method 

The dispersion of the previous method seemed to mix the resin into the cement well; 

it was questioned if the resin had polymerized successfully. In the 1980 and 

Marshfield mixes, nitrogen gas was used to purge the mixer of oxygen prior to 

mixing. It has been shown that oxygen can inhibit polymerization by oxidizing the 

monomer (Gauthier et al, 2005). This typically only occurs when the surface of 
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monomer exposed to oxygen becomes large such as bubble walls or microscopic 

fibers. It was possible that spraying the resin though the air could have oxidized it 

before being mixed into the mortar. The apparatus was modified to include a 6”x12” 

cylinder enclosure above the mortar mixing pan illustrated in Figure 4.10. The resin 

nozzle was fastened within the enclosure. Two inlets were drilled into the top of the 

enclosure with tubes connecting them to a nitrogen tank. The mixing procedure 

stayed the same while continuing to saturate the cylinder with nitrogen gas. The 

bottom of the cylinder remained open to allow the oxygen and nitrogen to vent. Only 

4:0 Styrene:SMA resin blend was used for this method. The results shown in Table 

4.6 show no change in performance.  
Table 4.6 - Single Nozzle Spray Nitrogen Atmosphere MTTB Stress Data 

          

  Styrene:SMA Resin Content (%) Max Stress (psi)   

  
4:0 10.13 

1,247   

  1,092   

          

 

The entire mortar test tube beam matrix can be found in Appendix B with selected 

data graphs in Appendix G. From the graphs no discernable trends can readily be 

identified when varying: Styrene:SMA ratio, resin/(resin+paste) percentage, resin 

age or mixing type. 

 
4.6.7 Observations 

Several other observations were made while conducting the mortar test tube beam 

tests. While attempting to spray the resin through the nozzle it was observed that the 

resulting spray was dependent on the viscosity of the resin. High viscosity created 

large bubbles and globs making spraying difficult. Less viscosity created lighter-

than-air fibers and when sprayed, they would collect to resemble cobwebs. Even 

less viscous resin created a mist of resin. The structure of the mist could have been 

bubbles or droplets. The viscosity of the resin depended on its temperature, its 
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maleic anhydride content and its age. The higher the maleic anhydride and age the 

higher the viscosity. Viscosity decreased with increasing temperature.  

 

These observations led to the belief that the resin structure out of the nozzle could 

have been critical. To test if the cobweb-like fibers produced would polymerize in the 

concrete, they were sprayed into a small container filled with nitrogen and sealed 

and submerged into a water bath. The results showed that when the fibers were 

exposed to air at any point they would stay fibrous and very weak. One could pull 

them apart with little force. When the fibers were only exposed to nitrogen and 

heated, they would melt back into liquid resin and polymerize. It was concluded that 

these cobweb-like fibers could not have been the mechanism of increased strength.  

 

4.7 Glass Transition and Digestion Tests 

During the mortar test tube beam tests, two side tests were done to try to answer 

questions about the 1980 PCPC specimens. One question was whether the resin 

oxidizes, hydrates or degrades over time from water exposure within the cement 

paste. Some research has shown that styrene maleic anhydride can hydrate and 

degrade when exposed to water (Annakutty 1996 Bosma 1988). If this occurs within 

PCPC, it could prove to be very detrimental to the material. In order to test this, 

several glass transition temperature tests, or Tg tests, were performed. The samples 

were ground powder of OPCC, the 1980 PCPC and the 2006 PCPC. The 1980 and 

2006 material had approximately the same mix quantities.  

 

The Tg test measures mass loss versus temperature rise using a thermo-gravimetric 

analyzer or TGA. The TGA uses a high precision balance inside an oven to measure 

weight, temperature, and temperature change while slowing heating the sample. 

Taking the derivative of the mass-loss over temperature curve shows either 

exothermic or endothermic energy fluctuations. Examining those curves gave clues 

as to how much resin still exists in the samples and in what condition. Figure 4.11 

shows a Tg test graph of two samples, a 2006 PCPC and an OPCC sample. One 
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can clearly see that the two behave quite differently. The OPCC has a very modest 

and steady mass loss while the 2006 PCPC shows a major mass loss around 325°C 

corresponding to the polymer burning off. The total mass loss is larger with the 

PCPC sample due to the polymer vaporizing. 

 

 
Figure 4.11 - Tg Test of 2006 PCPC and OPCC Specimens 

 

Figure 4.12 shows the two samples with polymer for the 1980 and 2006 samples. 

One can see that the overall shape is very similar. Each sample experiences a mass 

loss at the same point indicating that they contain the same substance, the 

polystyrene. Both curves show the same reactions as the various cement and 

aggregate components are burned off. Both samples also show a slight mass gain 

around 460°C which is likely due to the vaporized gas reacting with other gases and 

temporarily forming solids.  
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Figure 4.12 - Tg Test of 2006 and 1980 PCPC Specimens 

 

The difference between the two graphs is the total mass lost as well as the mass lost 

around the polystyrene vaporization point. This means that the 1980 sample 

contained less polystyrene than the 2006 sample. This could either mean that some 

polystyrene in the 1980 sample degraded over time or it could be a discrepancy in 

the amount of polymer originally in the sample. It is likely a combination of both. In 

either case, we know that a large amount of polystyrene still exists in the 1980 

PCPC and that it behaves similarly to the material we used for this project. 

 

 

The second test was digestion. We wanted to see if we could examine the internal 

resin structure within the 1980 PCPC and compare it to the 2006 Marshfield PCPC. 

We took several samples and digested them in sulfuric acid in order to remove 

cement and aggregate while preserving the resin. The samples were digested for 12 

hours at 70°C and placed in the scanning electron microscope. The results were 

inconclusive.  
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4.8 Madison Runs 2008 

As discussed earlier, two main mechanism categories exist to explain how PCPC 

can achieve properties that are vastly superior to OPCC: bond improvement and 

reinforcement of the cement paste matrix. Research combined with mortar test tube 

beam tests largely ruled out the former and left us with one theory in the latter 

mechanism namely inversion theory. This theory is a reinforcement mechanism 

theory based on a phase inversion occurring between the resin and cement paste or 

free water. This inversion would theoretically create a semi-continuous phase of 

resin within the cement paste and provide a basis for explaining how relatively small 

quantities of monomer can ultimately strengthen concrete. A simple example of 

inversion occurs between oil and water. Several drops of oil suspended in a water 

solution can invert to become a solution of oil with several drops of water by 

increasing the oil concentration as shown in Figure 4.13.  

 

This could occur between the cement paste and resin or between the free water and 

resin. Either one would create some type of resin continuous phase that would 

ultimately polymerize and create reinforcing. In order to induce inversion, the water-

cement ratio must be very low making it necessary to use superplasticizer and a 

high agitation mixer. This is why the mortar test tube beam test could not be used. It 

was decided that the inversion theory could only be tested using the custom PCPC 

mixer. 
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Figure 4.13 - Inversion Diagram between Oil and Water (Arirachakaran 1989) 

 

Several mixes, or Runs, were tried to induce inversion within the material. Run 030 

started with a w/c ratio of 0.28 and a resin/paste ratio of 0.25 using 20oz of 

superplasticizer per 100lbs of cement. The mix water was heated to 180°F while 

everything else remained at ambient temperature. The mixer bowl was pre-heated 

using 180°F water in order to reduce heat absorption. The mix was unsuccessful 

yielding very dry material that resembled coated aggregate. Two samples were 

molded, but crumbled after being cured overnight in a 165°F water bath.  

 

The material did not bleed when vibrated and looked similar to a Marshfield mix that 

had inverted. It appeared that the mix water had been repelled from the cement 

particles as the cement and resin combined to form small beads. This inversion did 

not result in increased material strength. It was thought that the inversion of all the 

water was not the inversion we were trying to achieve. Inverting all the water in the 
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system stops the cement from hydrating. The next thought was to increase the 

superplasticizer and pre-heat the aggregate to improve the workability of the mix. 

 

Run 031 used 40oz of superplasticizer per 100lbs of cement and 49°C pre-heated 

aggregate. It was thought that if we could get the inversion to occur while keeping 

the mix workable it would ensure that some water would remain attached to the 

cement particles and hydrate. The mix was stiff but was workable enough to make 

six samples. Observable mass inversion was not noted. After being cured for 24 

hours at 165°F the sample strengths were still poor, less than half that of OPCC. If 

polymerization occurs too early, before the hydration has significantly advanced, it 

might explain the lower material strengths. It is possible that the polymer structure 

hinders the ettringite and C-S-H progression.  

 

For Run 032, the curing temperature was lowered to 110°F to slow the 

polymerization process relative to the hydration of the cement. Coarse aggregate 

was removed as well to improve workability. The samples were cured for an 

additional 48 hours to account for the lowered curing temperature. The results 

showed material strengths similar to OPCC strengths with no other significant 

property changes. Unlike prior samples, these samples had a strong odor that 

suggests that the resin did not polymerize. Two samples were placed into an air cure 

condition of 180°F for an additional 16 hours to attempt to further polymerize the 

resin. The sample strengths remained unchanged and retained the strong odor. 

Clearly the resin needed immediate heating in order to polymerize within the paste. 

 

After manipulating the curing conditions of the previous mixes without success, it 

was likely that the problem existed prior to curing and was a result of the resin 

structure not forming correctly. In Run 030, a full inversion occurred with all of the 

water in the system hindering the cement’s ability to hydrate. In the remaining mixes 

no inversion was observed. This led to the theory that partial inversion was 

necessary. In order to achieve such an inversion, the cement particles would need 
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an increased affinity to the water necessary to hydrate while allowing the remaining 

water to invert with the resin to form the continuous resin structure. A possible way 

to achieve this was to attempt an ettringite pause.  

 

In Run 033, the cement paste was allowed to sit for several intervals before the resin 

was added. The theory was that adding pauses allowed the ettringite to begin to 

form and the hydration to advance past its initial phases. Allowing the cement to 

hydrate before the resin was added was thought to attach a portion of the water to 

the cement for later hydration. This mix had measured success. The paste 

properties were unlike all other recent mixes but were similar to what Mr. Owen had 

described of the 1980 material. The paste was extremely sticky and behaved like 

gum. We could see that some inversion had occurred because there were small 

pools of water on the surface of the paste. However, the cement particles still had 

water attached to them. The paste also began to set up within minutes. The samples 

tested did not have improved ultimate strength but did show performance similarities 

to the 1980 PCPC. The hardened samples had no styrene smell indicating full 

polymerization. They also showed some signs of post-crack strength during the split-

tension testing indicating a reinforcing mechanism at work. Finally, one could see 

honeycomb-web-like resin structures in the fractured samples that resembled the 

1980 SEM photograph shown in Figure 4.1. Two such structures are shown in 

Figure 4.14, Figure 4.15 and Figure 4.16.  
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Figure 4.14 - Resin Web Structure within Cement Paste (at 160x), Run 033 

 

Run 033 contained portions of the resin structure we believed to be the strength 

mechanism. However, the portions were sparse when compared to the 1980 SEM 

photographs. In Run 033, we were forced to add excess water to make the mix flow 

during the ettringite pause sequence. This could have diluted the resin structure and 

prevented it from creating adequate reinforcing. Run 034 used double the 

superplasticizer, less water and a shorter pause sequence to attempt to induce the 

same structure but in higher concentration. These changes were unsuccessful and 

created a paste similar to mixes prior to Run 033. The specimens were weak in 

tension and exhibited no unique properties. It is likely that either the excess 

superplasticizer or the reduced pause time caused the hindrance. Run 034 

concluded trial mixes prepared as part of this research. 
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Figure 4.15 - Resin Web Structure within Full Sample (no magnification), Run 033 

 

 

 

 
Figure 4.16 - Scattered Resin Web Structures in Cement Paste (no magnification), Run 033 
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4.9 Absorption Analysis 

After seeing the results from Run 033 it was necessary to check its relative 

permeability compared to OPCC and the 1980 PCPC. Doing so was also intended to 

provide data confirmation of the 1980 PCPC impermeability observations made by 

Mr. Owen. Three samples were tested according to the ASTM C642 Standard Test 

Method for Density, Absorption, and Voids in Hardened Concrete. The test 

measured the mass change between the dried and saturated surface dry (SSD) 

conditions of each sample. The masses were used to calculate the total percent 

absorption tabulated in Table 4.7. 

 
Table 4.7 - ASTM C642 Absorption Test of OPCC, 1980 PCPC & Run 033 PCPC 

 
                  

  

Specimen 
Dried 

Weight 
(g) 

Surface 
Area 
(in2) 

S. 
Area/Weight 

(in2/g) 

SSD 
Weight 

(g) 

Total 
Absorption1 

(%) 

Unit 
Absorption2 

(g/in2)   

  OPCC 31.4 7.6 0.2 32.8 4.5 0.18   

  1980 PCPC 19.2 11.5 0.6 19.8 3.1 0.05   

  Run 033 27.5 8.9 0.3 32.9 19.6 0.61   

  1Absorption = [(SSD Wt- Dried Wt)/Dried Wt]x100    

  2Grams of Water Absorbed per Square Inch of Surface Area   

           

 
Due to the differences in sample shape and size, it was necessary to normalize the 

absorption data relative to surface area. The 1980 PCPC specimen was a sawn disk 

with a surface area-to-weight ratio three times larger than the OPCC specimen. The 

surface areas were found by wrapping the specimens in aluminum foil, tracing the 

flattened foil on grid paper and scanning the paper into Adobe Acrobat Professional 

to measure the traces with its area tool. Those values were used to calculate unit 

absorption per square inch of surface area. 

Table 4.7 shows that the Run 033 sample had very high unit absorption compared to 

the 1980 PCPC sample. It was concluded that the resin was not adequately 
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dispersed. The majority of the resin in Run 033 did not get mixed into the tested 

samples because segregation occurred. This is discussed further in Chapter 8. The 

Run 033 sample also had very high unit absorption compared to the OPCC sample. 

One possible reason for this is that the permeability of cement paste decreases with 

time (Neville 1996). The Run 033 sample was 30 days old when the absorption was 

tested while the OPCC sample was 27 months old. Figure 4.17 shows large 

differences in absorption between those ages. However, Figure 4.17 shows 

asymptotic behavior after 270 days making it reasonable to assume the absorption 

differences due to age are negligible between the 1980 PCPC and OPCC 

specimens. 

 

 
Figure 4.17 - Concrete Permeability versus Age Relative to 60 Day Old Concrete (Neville 1996) 

 
The 1980 PCPC specimen absorbed 67 percent less water per unit surface area 

than the OPCC. This data helped to confirm the 1980 PCPC impermeability 

observations made by Mr. Owen.  
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4.10 Discussion 

We were unable in this research to produce PCPC with improved strength properties 

or pinpoint the exact mechanisms of the strength gain seen in the 1980 PCPC. 

However, we have answered important  questions and gained extensive knowledge 

surrounding the material. Below lists some of the knowledge we have gained. 

 It is likely that the increased strength of PCPC is caused by a reinforcing 

mechanism created by polymerized monomer as opposed to bond strength 

improvements.  

 Increasing the resin concentration beyond 35% can lead to major cement 

hydration hindrances. 

 We know to relative certainty that the other ingredients of PCPC: 

superplasticizer, azobisisobutyronitrile, benzoyl peroxide, maleic anhydride 

and aggregate do not hinder or contribute to PCPC’s strength properties.  

 We know what conditions are needed to successfully mix styrene monomer 

resin into wet mix concrete and create testable samples.  

 The polymer within PCPC has relatively good longevity found from testing the 

polymer degradation over 28 years. 

 There are different degrees of water-resin inversion that drastically change 

the behavior of the material. 

 It is possible to create a resin honeycomb-web-like structure within cement 

paste that has reinforcing characteristics. 
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Chapter 5: PCPC Bridge Deck Finite Element Model 
 
5.1 Introduction 

The second objective of this project was to show how PCPC could be used in 

northern Midwest bridge decks to improve their performance and ultimately reduce 

their maintenance and material life-cycle cost. Finite element modeling was used to 

model a typical bridge deck found in the region. The USH14/Black Earth Creek 

Bridge in Cross Plains Wisconsin was chosen. The first model was created to 

represent the original bridge using OPCC. This model was used as a baseline to set 

stiffness and stress performance criteria. The second model was identical to the first 

but utilized PCPC to show a direct comparison. Then five additional models were 

created, each one further optimizing the deck’s performance by changing its 

geometry and steel content. The models were analyzed and compared.  

 

5.2 PCPC Properties 

At the time this report was written, PCPC with increased performance and 

repeatable properties had not yet been realized. It was necessary to use material 

properties from past tests and some interpolation to estimate the properties for the 

purpose of analysis. The properties needed included: ultimate strength, modulus of 

elasticity and unit weight. The following sections employ PCPC’s minimum 

properties based upon the best information available at the time of this research. It 

should be noted that if these properties are not ultimately achieved then the 

conclusions of this report must be revised. 

 

5.2.1 PCPC Ultimate Strength 

From Hudson Owen’s testimony of the tests in 1980 we know that a PCPC mix with 

1500psi tensile strength is possible. That tensile strength corresponds to a 

compressive strength of 3000psi to 5000psi given a tension-to-compression strength 

ratio between 0.30 and 0.50. For this analysis the lower bound compressive strength 
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of 3000psi was defined as the more conservative value. This value was considered 

more conservative because it produced a lower PCPC modulus of elasticity and 

shear resistance in later calculations. These values were defined for PCPC and 

used in the bridge deck finite element model. 

 

5.2.2 PCPC Modulus of Elasticity and Unit Weight 

No modulus of elasticity tests were conducted on the 1980 PCPC specimens so 

volume ratios were used to estimate the value. According to Mr. Owen, the 

compressive behavior of the 1980 PCPC tended to perform similar to OPCC. It 

seemed reasonable to estimate the concrete portion of PCPC’s modulus using 

equation 5.1 found in common concrete design (Wang & Salmon 1998).  Using this 

equation and a  of 3000psi gives an OPCC modulus of elasticity ( ) value of 

3,122ksi. 

cf ′ cE

cc fE ′= 000,57     (5.1) 

 

Polystyrene’s modulus of elasticity ( ) is approximately 470ksi (Styrene 1985). 

Combining these values into a volume fraction, given a resin/total mix ratio of 0.13, 

gives a PCPC modulus of elasticity ( ) value of 2,777ksi. The resin/total mix 

ratio of 0.13 comes from a mix design based on a w/c ratio of 0.25, a resin/paste 

volume ratio of 0.25 and aggregate quantities specified by Grade D structural 

concrete in the State of Wisconsin DOT standard specifications.  These proportions 

were used in the 1980 PCPC specimens. 

PSE

PCPCE

 

PScPCPC EEE 13.087.0 +=     (5.2) 

 
PCPC’s unit weight can be estimated by a similar volume fraction. Using a concrete 

unit weight of 145lbf/ft3 and a polystyrene unit weight of 57lbf/ft3 gives a PCPC unit 

weight of 134lbf/ft3. 
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5.3 USH14/Black Earth Creek Bridge Finite Element Model 

The following is a detailed explanation of the finite element model used in this 

research. It will cover what elements and boundary conditions were used as well as 

material properties and real constants. The order of explanation coincides with the 

direction the model was made. This section was assisted by the previous work of 

Wolanski (2004). 
 
5.3.1 Element Types 

There were three types of elements used in the model: LINK8, BEAM44 and 

SOLID45. Table 5.1 shows the element component assignments and details can be 

found in the ANSYS user support documents 

 
Table 5.1 - Element Types for Model Components 

Model Component ANSYS Element 

Steel Reinforcing Bars LINK8 

Precast Concrete Girders BEAM44 

PCPC and OPCC Deck SOLID45 

 

5.3.2 Real Constants 

The real constants for the original OPCC model are listed in Table 5.2. Each 

element type has at least one real constant set number assigned to it regardless if 

all values are zero. This was done to avoid computation conflicts known to occur in 

ANSYS and allows for changes if values become nonzero.  

 
Table 5.2 - Real Constants for Model 

Real Constant Set Element Type Constants 

1 BEAM44 All zero for custom beam section 

2 SOLID45 N/A 

3 LINK8 
Cross-sectional Area (in2) 0.2 

Initial Strain (in/in) 0.0 

 
 

46



 
47

 

Real Constant Set 1 was used for the BEAM44 elements but acts mostly as a place 

holder to avoid computational conflicts. When the real constant values for BEAM44 

are set to zero a custom beam section can be created using the built-in beam tool. 

This tool was used to specify the approximate shape of the 36inch precast concrete 

beams for the model. The sub-type was chosen as a vertical W-shape beam. The 

cross sectional plot is shown in Figure 5.1. The cross section was offset 36inches in 

the downward z direction so that its top surface would be flush with the bottom of the 

slab. 

 

Real Constant Set 2 was used for the SOLID45 elements and acts entirely as a 

place holder. The SOLID45 element geometry is determined by the location of its 

nodes within the model. 

 

Real Constant Set 3 was used for the LINK8 elements and only requires a cross-

sectional area and an initial strain value.  The cross-sectional area was chosen 

initially as 0.2in2 to represent the deck #4 reinforcing bar. There was no prestressing 

of the bars so the initial strain value was 0in/in. 
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Figure 5.1 - Precast Beam Model Cross Sectional Properties 

 

5.3.3 Material Properties 

Each element type was assigned a material model number to represent the three 

major components of the model: the beams, the deck and the reinforcing bar. The 

initial properties are organized in Table 5.3. 

 

5.3.3.1 Material Model Number 1  

Material Model Number 1 corresponded to the BEAM44 elements representing the 

precast girders. The focus of the analysis was on the bridge deck, not the girders, so 

these elements were modeled with linear isotropic properties. The girders were 

assumed to have small deflections and un-cracked concrete therefore the modulus 

of elasticity (EX) and poisons’ ratio (PRXY) were to carry un-cracked ordinary 

concrete properties. The modulus of elasticity was based on equation 5.1 with cf ′  
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equal to 6,000psi and the poisons’ ratio was set to 0.175. The density of the beams 

were also included and based on a unit weight of 150lbf/ft3.  

 
Table 5.3 - Material Properties for Model 

Material Model Number Element Type Material Properties 

1 BEAM44 

      

 Linear Isotropic   

 EX 4,696,000psi   

 PRXY 0.175   

      

 Density   

 DENS 0.00022474slugs/in3   

      

2 SOLID45 

      

 Linear Isotropic   

 EX 3,605,000psi   

 PRXY 0.175   

    

 Density   

 DENS 0.00021723slugs/in3   

      

3 LINK8 

      

 Linear Isotropic   

 EX 29,000,000psi   

 PRXY 0.3   

      

 Bilinear Isotropic   

 
Yield 

Stress 
60,000psi   

 Tang Mod 2,900psi   

 

  

  
Density 

DENS 0.00073421slugs/in3 
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5.3.3.2 Material Model Number 2 

Material Model Number 2 corresponded to the SOLID45 elements representing the 

OPCC deck. The modulus of elasticity was based on equation 5.1 using 4,000psi 

concrete as noted in the bridge plans. The poisons’ ratio set to 0.175. The density of 

the slab concrete was also included and based off a unit weight of 145lbf/ft3. 

 

5.3.3.3 Material Model Number 3 

Material Model Number 3 corresponded to the LINK8 elements and represented the 

steel reinforcing bar. EX was chosen to be 29,000,000psi with a PRXY of 0.3 

common of steel. The reinforcing bar was given the ability to yield by using the 

bilinear isotropic material defined by a yield stress and tangent modulus after yield.  

Common reinforcing bar values were used. The density of the reinforcing bar was 

also included and based on a unit weight of 490lbf/ft3. 

 

5.3.4 Modeling 

The model consisted of three main components, the slab (SOLID45), the reinforcing 

bar (LINK8) and the precast beams (BEAM44). Table 5.4 lists the numbers of 

elements and degrees of freedom used in the models.  The slab was created using 

six longitudinal volumes 31ft long, half of the entire span. Three of the volumes 

account for the space directly above each beam so that they could be meshed more 

finely than the rest of the slab. This was in anticipation of finer stress contours at 

those locations. The other three volumes filled the transverse spans between the 

beams as well as the outer cantilevered portions. The total transverse dimension 

was 18.3ft or half the width of the bridge.  The entire slab was 8in thick as noted in 

the plans.  The plans also specify a 2 percent grade that was not accounted for in 

the model.  The grade starts at the centerline crown of the bridge that corresponds 

to the symmetry boundary condition in the model. The SOLID45 elements were 

volume swept in the positive z (upward) direction. 
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Table 5.4 - FEM Degrees of Freedom (DOF), Node & Element Totals 

           

  
Model Details (Trial #) 

Total 
Nodes

Total 
Elements 

Total 
DOF  

  OPCC, Original Deck Geometry (1) 73,125 78,674 215,376  

  PCPC, Original Deck Geometry (2) 73,125 78,674 215,376  

  PCPC, #3 Reinforcing bar (3) 73,125 78,674 215,376  

  PCPC, 6in Slab (4) 56,875 62,802 167,764  

  PCPC, 6in Slab, #3 Rebar (5) 56,875 62,802 167,764  

  PCPC, 6in Slab, #3 Rebar, Increased Bar Spacing (6) 56,875 51,708 167,764  

  PCPC, 4in Slab, #3 Rebar, Increased Bar Spacing (7) 40,625 35,836 120,152  

           

 
5.3.5 Loads and Boundary Conditions 

The loads for the model were chosen to create the maximum amount of longitudinal 

and transverse bending in the slab using the standard tandem truck load. The 

standard tandem load, in two dimensions, is two 25kip point loads 4ft apart as 

shown in Figure 5.2. 

 
Figure 5.2 - Dimensional Standard Tandem Truck Load 

 

This load was separated three-dimensionally into four wheel loads.  Each wheel load 

was said to have a 12in by 20in footprint. The model was meshed so that the 

footprint would fit on 20 square elements, 5 elements by 4 elements. Dividing the 

load evenly over each footprint gave a surface pressure of 52.08 lbf/in2. Given that 

the tandem load was placed on the transverse centerline, only two wheel footprints 
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were included on the slab. Given that the model represents only ¼ of the bridge 

using two planes of symmetry, this load simulates two full tandem truck loads at 

midspan. This arrangement gives the largest longitudinal bending moment in the 

slab.  Figure 5.3 illustrates the above discussion. 

 
Figure 5.3 - Diagram of Three Dimensional Tandem Load on Model 

 

Transversely, the tandem wheels were placed on-center over the central girder in 

the model to induce the largest transverse negative bending moment in the slab. 

The maximum negative moment configuration was chosen over the maximum 

positive moment configuration because it proved to be more critical for tensile 

stresses in the concrete. This is illustrated in Figure 5.4. 

 

 
Figure 5.4 - Transverse Tandem Load Position 

 

The model also included the dead load of the girders, slab and reinforcing bar. 

These were taken into account when defining the material properties of the model. 

The concrete in the slab and girders as well as the reinforcing bar were given a 
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density based on their unit weights. In ANSYS, it is necessary to apply gravity for the 

dead loads to be considered. In this case a gravity acceleration of 386.22in/s2 was 

used. 

 

The model’s boundary conditions included two planes of symmetry and three vertical 

restraints. The planes of symmetry are labeled in Figure 5.3 and prevent the model 

from sliding on the x-y plane. When a symmetry boundary condition is applied in 

ANSYS, the program creates a linear restraint at each node on the plane selected in 

a direction normal to that plane. It also creates two rotational restraints around the 

two in-plane axis. These three restraints at each node guide the symmetry plane as 

if it were attached to another half. These restraints are illustrated in Figure 5.5. The 

three vertical restraints were located at the end of the three girders corresponding to 

the end BEAM44 nodes. These represented the polyurethane pads and created 

three simply supported conditions. These restraints are also shown in Figure 5.5. 

Note that the slab represented in Figure 5.5 is turned 180° to that in Figure 5.3. 

 

 
Figure 5.5 - Model Boundary Conditions 

 

5.3.6 Analysis Type 

The analysis type for this model was linear static. No transient or vibration effects 

were considered creating a static condition and linear elements were used signaling 

ANSYS to use a linear analysis solver. The solution controls summary can be seen 

in Table 5.5. 
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Table 5.5 - Solution Controls Summary 

 

  Basic       Sol'n Options         

  
Analysis Option 

  

Small Displacement 

Static   
Equation Solvers 

  
Sparse direct 

  

  Time Control      Restart Control        

    Time at end of Loadstep   0     No. of restart files to write   1   

  
  Automatic time stepping 

  
Prog Chosen 

  
Frequency 

    

Write last substep 

only   

    Number of substeps   0   Nonlinear        

    Max no. of substeps   0   Nonlinear Options      

    Min no. of substeps   1     Line search     Prog Chosen   

  Write Items to Results File   All solution items     Dof solution predictor   Prog Chosen   

  
Frequency 

  

Write last substep 

only   
  VT Speedup 

  
Off 

  

  Advanced NL      Equilibrium Iterations      

  Termination Criteria        Max no. of iterations   Prog Chosen   

    Program behavior upon 

nonconvergence 

  Terminate but Do Not 

Exit 

  Cutback Control      

          Equiv. Plastic strain   0.15   

    Nodal DOF sol'n   0     Explicit Creep ratio   0.1   

    Cumulative iterations   0     Implicit Creep ratio   0   

    Elapsed time   0     Incremental displacement   10000000   

    CPU time   0     Points per cycle   13   

  
Stabilization 

  
Off 

  
Cutback predicted by 

  

number of 

iterations   

                        

 

5.3.7 Analysis Process and Model Check 

With the solution controls, boundary conditions and loads set the analysis was run. 

For the given loads, dead and live, the analysis ran a single iteration of equilibrium 

equations. To confirm the model’s validity three checks where made. An ANSYS 

built-in error estimation tool was used to check the accuracy of the mesh. A statics 

check was done comparing ANSYS reactions with hand calculations.  And a simple 

beam analysis was done in Visual Analysis 5.5 to check the deflection. 

 

ANSYS uses an error estimation tool that compares the element solution to the 

nodal solution and produces a percent error for the selected elements. The nodal 
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solution is averaged using the values of stress at each element node. The nodal 

solution is less accurate but produces smoother contours. The percent error 

increases as the mesh becomes coarser and the elemental contours diverge from 

the nodal contours. The percent error also increases when the stress contours are 

closest indicating concentrations in stress. The percent error for the entire deck was 

9 percent. This number is a broad estimate given the large size of the model and its 

variance in contours and stress concentrations. It is best to isolate the areas of most 

interest or where accuracy is most important. In this model this occurs around the 

wheel load pressures. Selecting a 60in by 48in patch around each pressure wheel 

load and calculating the percent error yielded 3.7 percent. The typical acceptable 

range of error is between 0-5 percent (Cook 1995). It is recommended to use the 

error estimation tool as one of several checks and that it should not solely be relied 

on for confirming model accuracy. 

 

The model was also checked using statics. Calculating the dead load produced by 
the slab and girder and adding them to the applied tandem pressure loads should 
equal the total vertical reactions in the model. The only vertical reactions were 
produced by the three UZ nodal restraints at the end of each girder. Adding those 
three reactions yielded the total UZ reaction for the model.  
 
 
Table 5.6 summarizes the calculation. The statics checked with less than 0.1 

percent error.  

 
 
 
 

Table 5.6 - Model Statics Check 

  Dead Load     Live Load     

  Slab    Tandem    

    Concrete  54,931lbf     Total Weight 25,000lbf   

    Steel  2,717lbf   Statics Check    

    Total Weight 57,648lbf   Live + Dead    

  Girders      Total Weight 115,777lbf   
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    Unit Weight 0.0868lbf/in3   ANSYS    

    Volume 381,672in3     UZ Reactions 115,880lbf   

    Total Weight 33,129lbf   Error 0.09%   

                  

 

The third check was done by cross referencing the model deflection using a simple 

beam analysis in Visual Analysis and Shape Builder (IES, Inc 2005). The cross 

section of the entire bridge, including the deck and precast girders, was created in 

Shape Builder and yielded an estimation of the geometric cross sectional properties 

of the full bridge. This is illustrated in Figure 5.6.  

 

 
Figure 5.6 - Shape Builder Rendering of Bridge Cross Section 

 

Those properties were inputted into a Visual Analysis ‘blob’ section that allows you 

to customize a cross section for a single beam. Using the defined cross section blob, 

a simple two-dimensional beam model was made. The beam was simply supported 

with two 50kip point loads 2ft off-center simulating the two tandem truck loads. For 

the material properties of the beam, a middle value was estimated based on the 

differing concrete density and modulus of elasticity of the deck and girders in the 

ANSYS model. The unit weight used was based on a volume fraction and the 

elasticity was averaged. The steel unit weight was ignored for this estimation. The 

area of the cross section was adjusted to match the area from the ANSYS model. 

The discrepancy occurs from the ANSYS beam cross section not having angled 
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flanges. The numbers used are organized in Table 5.7. A rendering of the simple 

beam model and its deflected shape is shown in Figure 5.7.    

 
Figure 5.7 - Visual Analysis Beam Analog and Deflected Shape 

 

Analyzing the simple beam model gave a midspan deflection of 0.600in. The ANSYS 

model yielded a maximum deflection of 0.671in producing 10.6 percent error 

between the two. The simple beam model was stiffer because it only produced 

longitudinal deflection where as the ANSYS model included transverse effects 

between the girders creating more deflection. The statics was cross checked 

between the beam and ANSYS model and resulted in 1.4 percent error. These 

values are organized in Table 5.7. The results seemed to check well considering the 

differences in beam cross-section, the exclusion of steel as well as variances in the 

analysis type. 
Table 5.7 - Visual Analysis Simple Beam Check 

  Visual Analysis Values   Deflection Check   

  Adjusted Material Properties   ANSYS 0.671in   

    Unit Weight 0.085lbf/in3   Visual Analysis 0.600in   

    Elasticity 4,150ksi   Error 10.58%   

    Poisson 0.175   Reaction Check   

  Corrected Cross Section   ANSYS 115,777lbf   

    Area 5637in2   Visual Analysis 114,121lbf   

  *A single ANSYS girder is 27in2 smaller   Error 1.4%   
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  than a Shape Builder girder           

                  

 

The three checks done showed that the ANSYS model had an adequately refined 

mesh at critical areas, was properly loaded and constrained, and deflected as 

expected when referenced with an independent program. 

  

5.3.8 Results of Original OPCC Deck Model 

The stress of most interest in this project was the 1st principal stress because it 

corresponded to the tensile stress on the surface around the slab. That stress is the 

cause of concrete cracking. In this case the critical 1st principal stress occurred on 

the bottom surface of the slab underneath the pressure wheel loads. The maximum 

value was 317psi and is shown in Figure 5.8. The tensile fracture stress of the 

4000psi normal weight OPCC slab was estimated to be 411psi using the equation 

below (Wang and Salmon 1998). With the given load the tensile stress was 77 

percent of the tensile fracture stress. The maximum deflection of the model was at 

midspan with a value of 0.67in. This original OPCC analysis will be referred to as 

trial-1. 

cct ff ′= 5.6      (5.3) 

 
Figure 5.8 - 1st Principal Stress under Wheel Loads at Bottom Surface of Slab 
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5.4 Optimized Deck Using PCPC 

Implementing PCPC into the finite element model involved changing the deck 

SOLID45 material properties while leaving the geometry the same. The only values 

changed were the modulus of elasticity and density calculated using volume ratios. 

The changed values are organized in Table 5.8. 

 
Table 5.8 - OPCC vs. PCPC Material Values 

  
OPCC 

   
PCPC 

  

   Linear Isotropic    

  3,605,000psi  EX  2,777,000psi   

  0.175  PRXY  0.175   

    Density     

  0.00021723slugs/in3  DENS  0.00020078slugs/in3   

         

 

In order to show how using PCPC can be used to optimize the concrete deck, 

specific parameters were set to define what model responses needed to stay within 

a given range. The two responses that were controlled were deflection at midspan 

and 1st principal stress under the wheel pressure loads. As stated earlier the 1st 

principal stress reached 77 percent of the tensile fracture stress using OPCC. For 

PCPC the stress parameter was set to keep the 1st principal stress within 77 percent 

of its tensile fracture stress of 1,500psi to create a level comparison. The deflection 

parameter was set to conform to Load and Resistance Factored Design 2005 

specifications concerning deflection serviceability. It specifies a maximum deflection 

for bridges, without pedestrian crossings, as L/800 where L is the length of the 

bridge in inches. Given a bridge length of 65ft, the maximum deflection allowed was 

0.98in. With OPCC the deflection was 0.67in, giving some room for increased 

deflection. With these parameters set, several analyses were performed using 

PCPC in place of OPCC. 
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5.4.1 Original Bridge Using PCPC 

Once the slab properties were changed to PCPC and the parameters set, the 

original model was run again without geometric or steel modification to see what 

initial effects using PCPC had on the structure. The results for trial-2 showed that the 

deflection increased by a few hundredths of an inch, to 0.70in, but remained well 

within the L/800 serviceability limit. However, the 1st principal stress value, measured 

at the same location as before, decreased to 302psi. Both of these responses are 

due to the decreased modulus of elasticity of the deck material. Stiffness tends to 

attract load and stress. It should be noted that the dead load of the deck decreased 

7.2 percent due to the decreased density of PCPC. These results are organized in 

Table 5.9. 
Table 5.9 - PCPC vs. OPCC in Original Structure 

              

  Slab Material  Deflection σ1 Stress Slab Dead Load   

  OPCC  0.671in 317psi 57,648lbf   

  PCPC  0.701in 302psi 53,488lbf   

  % Change  + 4.5 - 4.7 - 7.2   

              

 

This analysis showed that there was considerable opportunity for optimization of the 

bridge deck. The most obvious options were reducing the thickness of the slab and 

modifying the reinforcing bar or even removing some. Both of these options would 

potentially result in lower labor and material costs. The following sections organize 

these options while attempting to optimize the reinforcing bar and slab material. 

 

5.4.2 Reduced Reinforcing Bar Size 

The first option was to reduce the size of the reinforcing bar. The deck remained its 

original 8in and the reinforcing bar cross sectional area was changed to 0.11in2 from 

0.20in2 corresponding to #3 type reinforcing bar replacing #4. This was done in the 

real constants tab in ANSYS.  
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Running the trial-3 model yielded the results shown in Table 5.10. The deflection 

increased a modest 4.3 percent while the stress and slab dead load decreased. The 

deflection was slightly lower than the original PCPC slab from Table 5.9. What this 

indicated is that the reinforcing bar in this case was not contributing a significant 

amount of stiffness in relation to midspan deflection. The decreased deflection 

caused by reducing the total weight of the steel outweighed the increased deflection 

from the reduced stiffness.  

 

This raised the question of why #3 reinforcing bar could not be used in the original 

OPCC deck. It is likely that #4 reinforcing bar is needed when the deck is designed 

using cracked section theory. Doing so relies on the reinforcing bar to engage all of 

the tension force at time zero. In this analysis the OPCC deck was using its concrete 

tensile strength up to its rupture stress, diverting stress away from the reinforcing 

bar. In cracked section theory the concrete in the tension zone resists shear forces 

and acts as webbing and concrete cover, but not as tension resistance. 

 
Table 5.10 - PCPC #3 Reinforcing Bar vs. OPCC in Original Structure 

               

  Slab Material  Rebar Deflection σ1 Stress Slab Dead Load  

  OPCC  4 (0.20 in2) 0.671in 317psi 57,648lbf  

  PCPC  3 (0.11 in2) 0.700in 314psi 52,266lbf  

  % Change  - 45.0 + 4.3 - 0.9 - 9.3  

               

 
5.4.3 Reduced Slab Thickness by 2” 

The next option was to reduce the slab thickness. The steel size was returned to a 

0.20in2 cross sectional area and the original 8in slab was reduced to 6in by deleting 

2in off the top surface. This left a full inch of concrete cover of the reinforcing steel 

on the top and bottom of the slab. The minimum amount of concrete cover in 

reinforced concrete design is 0.75in. The trial-4 model was run and the same 

responses recorded. The deflection increased to 0.75in but still remained within the 

 
 

61



 
62

L/800 serviceability limit of 0.98in. The 1st principal stress increased 55 percent to a 

value of 492psi. This stress would have cracked the original OPCC slab given that 

its fracture tensile strength was 411psi. The resulting stress of 492psi is 33 percent 

of PCPC’s ultimate tensile fracture stress, within our set limit of 77 percent. The slab 

dead load decreased 29 percent. The values are organized in Table 5.11. 

 
Table 5.11 - PCPC 6" Slab vs. OPCC in Original Structure 

               

  Slab Material  Thickness Deflection σ1 Stress Slab Dead Load  

  OPCC  8in 0.671in 317psi 57,648lbf  

  PCPC  6in 0.754in 492psi 40,795lbf  

  % Change  - 25.0 + 12.4 + 55.2 - 29.2  

               

 
5.4.4 Combined Reduced Slab and Reinforcing Bar Size  

The model was changed again to include #3 reinforcing bar with the previous 6in 

slab thickness to show if the effects were complimentary. Running the trial-5 

analysis yielded the results in Table 5.12. The increases in deflection and stress are 

only slightly larger than the PCPC reduced slab with #4 reinforcing bar. This seemed 

reasonable given the influence of steel size previously discussed. The effects were 

complimentary by addition. From this it was clear that some reinforcing bar could be 

removed entirely from the slab by increasing the reinforcing bar spacing. 

  
Table 5.12 - PCPC #3 Reinforcing Bar and 6" Slab vs. OPCC in Original Structure 

                  

  Slab Material  Rebar Thickness Deflection σ1 Stress Slab Dead Load   

  OPCC  4 (0.20 in2) 8in 0.671in 317psi 57,648lbf   

  PCPC  3 (0.11 in2) 6in 0.757in 517psi 39,573lbf   

  % Change  - 45.0 - 25.0 + 12.8 + 63.1 - 31.4   
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5.4.5 Increased Reinforcing Bar Spacing and 6” Slab 

While continuing to use #3 reinforcing bar and a 6in deck several rows of reinforcing 

bar were removed. The top reinforcing bar was completely removed and the bottom 

reinforcing bar was reduced to half both longitudinally and transversely. The 

longitudinal steel spacing increased to 16in from 8in and the transverse steel 

spacing increased to 12in from 6in making a 16”x12” grid with 1in of concrete cover. 

This reduced the total amount of steel 75 percent from the original OPCC analysis.  

 

The trial-6 model was run and yielded the results shown in Table 5.13. The 

deflection at midspan increased modestly from the previous trial, resulting in a few 

thousandths of an inch difference. Looking at all the previous deflection results 

showed that the increases began to show asymptotic behavior as the deck became 

less stiff. As the deck became less stiff, the precast girders contributed a larger 

proportion of the overall longitudinal stiffness of the bridge. The 1st principal stress 

increased by a modest 21psi showing that the PCPC material was responsible for 

most of the deck stiffness rather than the reinforcing bar.  

Even drastically reducing the steel to almost 75 percent did not significantly increase 

the deflection or stresses when compared to the previous trial. The reduction in slab 

size and total steel reduced the dead load of the deck 33 percent. The deflection 

was still within the L/800 limit and the 1st principal stress was only 36 percent of 

PCPC’s tensile fracture stress. 

  
Table 5.13 - PCPC #3 Reinforcing Bar Reduced 75% - 6" Slab vs. OPCC in Original Structure 

                 

  Slab Material  Total Steel Thickness Deflection σ1 Stress Slab Dead Load  

  OPCC  47,916in 8in 0.671in 317psi 57,648lbf  

  PCPC  12,028in 6in 0.761in 538psi 38,455lbf  

  % Change  - 74.9 - 25.0 + 13.4 + 69.7 - 33.0  
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5.4.6 Increased Reinforcing Bar Spacing and 4” Slab 

Given that the analyses had shown that reducing the steel had little effect on the 

deflection or 1st principal stress, a further reduction in slab size was tried next. The 

slab model no longer had top steel making it possible to reduce the slab thickness 

another 2in. The material was removed from the top of the slab leaving 1in of 

concrete cover on the bottom and over 2 inches on the top. The model deck was 

down to half its original thickness.  

 

The trial-7 model was run and yielded the results in Table 5.14. The deflection 

increased over 16 percent from the previous trial. However, this resulted from 

transverse deflections between the girders becoming significant and not the overall 

longitudinal deflection of the bridge. The value was still within the L/800 serviceability 

limit. The 1st principal stress increased to 1,103psi. Under these conditions the 

OPCC material would be cracked and would be experiencing crack propagation to 

all regions with tensile stresses above 411psi. The reinforcing bar at those regions 

would be fully engaged and possibly yielding. The stress of 1,103psi is 74 percent of 

the ultimate fracture tensile stress of PCPC and is just within our set limit of 77 

percent. The slab size decreased 50 percent and the steel amount decreased 75 

percent combining to reduce the slab dead load by 55 percent. 

 
Table 5.14 - PCPC #3 Reinforcing Bar Reduced 75% - 4" Slab vs. OPCC in Original Structure 

                 

  Slab Material  Total Steel Thickness Deflection σ1 Stress Slab Dead Load  

  OPCC  47,916in 8in 0.671in 317psi 57,648lbf  

  PCPC  12,028in 4in 0.871in 1103psi 25,761lbf  

  % Change  - 74.9 - 50.0 + 29.8 + 247.9 - 55.0  

                 

 

5.4.7 Analysis Summary 

Figure 5.9 shows the percent change in each of the three analysis responses when 

each trial is compared to the original OPCC deck trial-1. Looking at the chart shows 
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a steady increase in all responses as more steel and more concrete material is 

removed. It also shows a direct correlation between slab thickness decreasing and 

responses increasing. Trials 2 and 3 show little change between them as well as 

trials 4, 5 and 6. Trial-7 responses increase beyond the others. These changes 

correspond to each reduction in slab thickness illustrating that the changes in steel 

amount and size had very little influences on the responses while decreasing slab 

thickness has a large impact. 

 
Figure 5.9 - Percent Change in Analysis Responses 

 

5.5 Punching Shear Check 

The 1st principal stress parameter checked the stresses on the surfaces of the slab 

related to bending forces. It was also necessary to check for punching shear failure 

of the slab caused by wheel load shear forces. Equation 5.4 from Wang and Salmon 

calculates the punching shear strength of OPCC slabs. It was used here to estimate 

the PCPC punching shear strength for the trial-7 model. The resulting punching 

shear strength was 50kips, well above the actual wheel load of 12.5kips. This is a 

reasonable estimate because PCPC has been shown to have at least equal 

compressive strength to that of OPCC.  

 

 
 

65



 

 
 

66

66

dbfV CC 04 ′=     (5.4) 

 

where 

0b = perimeter of critical section taken at  from wheel patch load area 2/d

d = effective depth of slab, equal to slab thickness minus bottom steel cover 

For this calculation  = 76in and = 3in  0b d

Equation 5.4 can be traced back to the American Concrete Institute Standard for Building Code 

Requirements for Structural Concrete (ACI 318-05) 

 

5.6 Discussion  

The end result showed that with PCPC defined properties used in a bridge deck it is 

possible to remove half of the deck material as well as three quarters of the 

reinforcing bar. It is likely that some steel may be needed in design to ensure a 

ductile failure at ultimate. This is why a portion of the bottom steel was always 

included. The minimum amount of steel required would have to be addressed when 

developing a specification for the use of PCPC. 



 
67

Chapter 6: Maintenance and Material LCC Analysis 
 
6.1 Introduction 

The previous chapter showed that implementing PCPC’s defined properties into the 

bridge deck greatly reduced the amount of concrete and reinforcing bar needed 

while staying within acceptable performance criteria ranges. The trial-7 PCPC deck 

showed a reduction of half the concrete and three quarters of the reinforcing steel. 

Coupling this with PCPC’s impermeability properties showed a potential for reduced 

costs. However, PCPC does require the use of more materials including styrene, 

maleic anhydride, superplasticizer, benzoyl peroxide and nitrogen. A material and 

maintenance life-cycle cost analysis was done to determine if the cost savings out 

weigh the cost of the extra materials needed. 

 

6.2 BridgeLCC Software 

Mark A. Ehlen wrote several papers in the 1990’s dealing with life-cycle cost 

comparisons of conventional technology bridges versus new technology. One paper 

compared several FRP deck designs with a conventional reinforced concrete deck 

design (Ehlen 1999). The cost analysis took into account construction, operation, 

maintenance, repair and disposal costs and was consistent with ASTM E 917 for 

measuring life-cycle costs. The interest generated in this type of analysis motivated 

Mr. Ehlen along with the Building and Fire Research Laboratory and National 

Institute of Standards and Technology to develop a software program specifically for 

comparing life-cycle costs of different bridge technologies.  

 

The most recent version, BridgeLCC 2.0, includes a basic and advanced mode. The 

basic mode allows for a simple cost analysis that itemizes each cost and uses user 

specified inflation and discount rates to calculate a total life-cycle cost. The user is 

able to input single events such as construction or reoccurring events such as 

maintenance and repairs. The advanced mode can insert uncertainty and sensitivity 
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calculations into the analysis using Monte Carlo simulations. This project does not 

have the proper field data to make use of the advance mode therefore the basic 

mode was chosen for this analysis. 

  

6.3 Analysis Input 

Before the analysis could be run, the material quantities and prices of the OPCC and 

trial-7 PCPC bridge decks had to be itemized and assumptions had to be made and 

justified. 

 

6.3.1 Quantities 

The quantities of the each deck type are organized in Table 6.1. The OPCC 

reinforcing bar and concrete quantities were taken directly from the finite element 

model and multiplied by four to account for the full deck. The numbers were 

converted to pounds (LB) and cubic yards (CYD) to coincide with pricing units. The 

PCPC values were taken from the trial-7 model. The total concrete volume was 

broken up into the components of PCPC based on its mix design. The numbers 

were also converted to coincide with pricing units. All of the values were inputted into 

BridgeLCC as costs associated with each deck. 

 

The amount of nitrogen was based on a nitrogen void ratio of 0.75. This assumes 

that when sprayed, the resin forms bubbles resulting in 75 percent of its volume 

consisting of nitrogen. This is likely an overestimation. The ratio could be zero 

resulting in resin droplets rather than bubbles. It should also be noted that nitrogen is 

needed to purge the custom PCPC mixer of oxygen. 
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Table 6.1 - PCPC/OPCC Deck Material Quantities 

          

  OPCC  Amount Unit  

  Rebar  10,780 LB  

  Ready Mix Concrete  58 CYD  

          

  PCPC  Amount Unit  

  Rebar  1,470 LB  

  Regular Concrete  25 CYD  

  Styrene  4,896 LB  

  Benzoyl Peroxide  46 LB  

  Dylark 332  1,224 LB  

  Heated Water  152 CF  

  Nitrogen  3,321 LB  

  Superplasticizer  6 CF  

          

 

6.3.2 Pricing 

The prices for each material were set to best represent Midwest local industry prices 

when possible. The ready mix price was estimated to be $150 per cubic yard 

including delivery and typical admixtures. For PCPC, the regular concrete was set to 

the same price since the costs of shipping the future materials to the PCPC mixer 

are unknown. The reinforcing bar price was estimated to be $0.63 per pound for 

both decks. This includes the price of epoxy coating, which could potentially be 

removed from the PCPC deck in the future cutting the cost of the steel to about 

$0.43 per pound (Rezayat 2005). For this analysis the coating was left on. The 

styrene and Dylark 332 prices were acquired from Greg Mamassian at Nova 

Chemicals on February 5th, 2008. The prices were based on theoretical large 

quantities needed for a bridge deck made with PCPC. The water cost is covered in 

the regular concrete price but heating the water for PCPC takes energy. This was 

estimated by finding how much fuel would be needed to heat the water from 20ºC to 

80ºC. It was found that 1,136 gallons of water-heated 60ºC would require 8.4 gallons 
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of gas. Using an estimated fuel price of $3.50 per gallon results in the cost of heating 

the water being negligible compared to the other material costs. The nitrogen, 

benzoyl peroxide and superplasticizer costs were industry prices taken from 

manufacturer contacts. 

 
Table 6.2 - PCPC/OPCC Deck Material Prices 

           

  OPCC  Price Unit Source Date   

  Rebar  0.63 $/LB National Construction 02/05/08   

  Ready Mix Concrete  150 $/CYD Wingra Stone Co. 02/05/08   

           

  PCPC  Price Unit Source Date   

  Rebar  0.63 $/LB National Construction 02/05/08   

  Regular Concrete  150 $/CYD Wingra Stone Co. 02/05/08   

  Styrene  0.70 $/LB Nova Chemicals 02/05/08   

  Benzoyl Peroxide  56 $/LB Sigma Aldrich 02/06/08   

  Dylark 332  1.89 $/LB Nova Chemicals 02/05/08   

  Heated Water  0.19 $/CF (Calculated) N/A   

  Nitrogen  0.30 $/LB The Linde Group 02/05/08   

  Superplasticizer  39 $/CF Grace Construction 06/16/06   

           

 

6.3.3 Analysis Assumptions 

The analysis focused on the material and maintenance costs of the two alternatives. 

All other costs were set equal for two reasons. Either the cost was equal due to the 

bridge surface dimensions being equal or it could not yet be estimated within relative 

certainty.  

 

The labor costs were assumed to be equal because it is unclear how using PCPC in 

construction would affect that cost. Although the reduced steel and concrete 

quantities would likely reduce the labor cost, it is unknown what effect PCPC 
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production and placement would have. Labor is a large part of bridge costs so it is 

recommended that it be investigated in future work. 

 

The analysis was set in the future, after the contractor had been using PCPC for 

some time, eliminating the learning curve costs associated with a new technology. 

This was done because we do not have enough information to make a reasonable 

estimate. This also eliminated the costs of renting or purchasing the PCPC mixing 

and placement equipment. The maintenance cost was set at $10 per square foot of 

deck referring to asphalt patching, overlay or other repairs for both alternatives. This 

value was the default value in BridgeLCC. The bridge deck area remained the same 

for both alternatives so each maintenance event had an equal cost.  

 

The PCPC deck material was given chloride-leaching impermeability. This 

dramatically increased the maintenance event interval from 8 years for OPCC to 55 

years for PCPC. The OPCC concrete was given an external concentration of 

chlorides of 20.9 percent, the BridgeLCC default value for Wisconsin  

 

The impermeability assumption was based on the observations made by Mr. Owen 

in 1980 that were discussed in Chapter 2. While PCPC is not completely 

impermeable, our data shows it is 67 percent less permeable than OPCC. Our 

absorption tests used the specimens available that were sampled differently and 

yielded different shapes and textures. Further investigation of the assumption of 

impermeability is warranted but the best available evidence indicates PCPC will 

have greatly reduced permeability that will inhibit corrosion of reinforcing steel. 

 

Economic rates needed to be set. Inflation was set to be 1.8 percent and the real 

discount rate to be 3.2 percent resulting in a nominal interest rate of 5.06 percent 

(Bridge LCC 2003). The inflation rate measures the change in the prices of goods 

and services from one year to the next. The real discount rate is a measure of the 
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time value of money. These values were the BridgeLCC recommend values for 2008 

and were used to calculate future life-cycle costs over a 70-year study period. 

 

The user, third party, disposal, superstructure and substructure costs were set to be 

equal for both alternatives because they are equal. Changing the deck material and 

thickness should not affect any user costs or overall structural costs. The surface 

area of each deck was the same yielding the same volume of user traffic yielding no 

effect on third party costs. The non-deck sections of the structure were the same for 

both alternatives yielding equal disposal, superstructure, and substructure costs. 

One exception is that the reduced deck dead load may allow for reduced girder sizes 

or number. This should be investigated in future work. 

 

6.4 Analysis 

Once all the assumptions were made and values inputted, the program calculated 

the total maintenance and material life-cycle cost for each alternative. This is shown 

in Figure 6.1. The analysis showed that the material and maintenance life-cycle cost 

of PCPC was dramatically less than OPCC. Looking at the itemized costs showed 

the initial construction costs of each alternative to be relatively equal. The increased 

material cost of PCPC was successfully offset by the total reduction in material used. 

The major difference was the maintenance costs. The chloride impermeability of 

PCPC increased the maintenance interval to 55 years, largely reducing the total 

OM&R (operation, maintenance and repair) cost. Even if the maintenance interval of 

the PCPC deck were less than 55 years, it would still have a lower total maintenance 

and material life-cycle cost than the OPCC deck. 
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Figure 6.1 - BridgeLCC Life-Cycle Cost Output 

  

6.5 Discussion 

The BridgeLCC maintenance and material life-cycle cost analysis showed that over 

a 70-year study period the maintenance and material costs of using the trial-7 PCPC 

bridge deck would decrease 79 percent (Fig. 6.2). The majority of the savings came 

from the resulting longevity of the PCPC deck, reducing the OM&R cost by 94 

percent. The initial material cost of the PCPC deck was relatively equal to the OPCC 

deck. The increased cost of the extra materials needed for the production of PCPC 

was more than offset by the reduced cost from material reductions. This analysis 

clearly showed the large cost saving potential of using PCPC in bridge decks. 

Several other cost saving possibilities could also result from using PCPC. The 

reduced dead load could allow for the bridge designer to reduce girder size or 

number. 
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Figure 6.1 - BridgeLCC Graph of Cumulative Cost in Present Dollars 
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Chapter 7: Conclusion 
 
7.1 PCPC Strength Properties 

While this research did show the immense theoretical cost saving possibilities 

associated with using PCPC in modern bridge decks, we were unable to fully 

develop the material. We were unable to produce PCPC with a tension-to-

compression strength ratio near or above 0.30 or with significant decreases in 

permeability. Most of the strength values we have produced were similar to OPCC. 

There was some variance, but the tension-to-compression strength ratio remained 

around 0.10. Some mixes yielded material with cement that did not hydrate. This 

occurred when the resin inverted with all of the water in the system. Other mixes 

saw significant decreases in strength when the resin was increased beyond 35% 

hindering the cement matrix.  

However, specimens prepared as part of this research have shown promise towards 

creating PCPC with improved strength properties. As discussed in Chapter 4, we 

were able to produce material with signs of reinforcing and properties that resemble 

those of the 1980 PCPC specimens. There are still several possible mixes that have 

yet to be tried. Such mixes and other recommendations on how to continue on the 

path to producing strengthened PCPC are discussed later in Chapter 8. 

 

7.2 PCPC Bridge Deck Finite Element Analyses 

The FEM bridge deck analyses optimized an existing deck using PCPC theoretical 

properties. Several changes were made over seven different models. The results of 

the analyses suggested that it is possible to remove half of the deck material as well 

as three quarters of the reinforcing bar while staying within deflection and stress 

controlled parameters. As a result, the final slab dead load of the trial-7 model was 

55 percent less than the original OPCC deck. The properties of PCPC make it 

possible to design decks that may deflect as much or more than current decks but 

will be highly resistant to cracking while saving a significant amount of material. 
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These analyses served as a good measure of the material optimizations that can be 

done using PCPC. In order to take advantage of PCPC’s properties new 

specifications need to be created. This is discussed further in Chapter 8. 

 

7.3 PCPC Bridge Deck Maintenance and Material Life-Cycle Cost Analysis 

The maintenance and material life-cycle cost analysis showed that in theory, PCPC 

used in bridge decks can significantly reduce maintenance and construction material 

costs. Over a 70-year study period of the trial-7 PCPC bridge deck those costs 

decreased 79 percent in comparison to the original OPCC deck. The majority of the 

savings came from the resulting longevity of the PCPC deck reducing the OM&R 

cost by 94 percent. There are other cost factors that need to be considered in the 

future. These are discussed in Chapter 8. However, it is clear from our results that 

there is great cost saving potential with using PCPC in modern bridge decks. 

 
7.4 Overall Conclusion 

The apparent cost saving possibilities from using PCPC in modern bridge decks 

serves as strong motivation to develop the material as envisioned. This project 

progressed towards the realization of the needed components and procedures to 

successfully produce it. We have found some success in duplicating portions of 

material that resemble the PCPC from the 1980 mixes. We strongly believe that the 

material can be produced and has the potential to change how concrete structures 

are designed. Chapter 8 discusses several recommendations to continue on the 

path of realizing PCPC with increased strength properties as well as a discussion on 

further design and cost considerations. 
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Chapter 8: Recommendations 
 

8.1 Further PCPC Development  

There are two main reasons that could have prevented us from successfully 

producing PCPC so far. One, the polymer is not working correctly by not 

polymerizing or by not having the correct properties when polymerized. Or two, we 

were not correctly producing the reinforcing structure within the cement paste. There 

are several possibilities for each of these reasons.  Of these two reasons, we believe 

the most promise lies in further investigation of the reinforcing structure both through 

proper dispersion and the inversion process.  

 

 

8.2 PCPC Bridge Deck Design Specification 

As stated in the introduction, current concrete deck design is based on cracked 

section theory that assumes the tensile strength of the concrete to be zero and relies 

entirely on the steel reinforcement. Bending in the slab is shown as a couple 

between the compressive resistance of the concrete compression block and the 

tensile resistance of the embedded reinforcing bar as shown in Figure 8.1. 

 

 
Figure 8.1 - Cracked Section Theory Moment Couple 

 

In order to fully utilize the improved properties of PCPC, a new design specification 

would have to be developed that takes into account the increased tensile strength of 

PCPC. That increased strength could be included in the tensile side of the moment 

couple yielding a larger total tensile strength. Given that the compression and 
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tension arrows must be equal the entire moment couple capacity will increase as the 

compression block becomes larger. This is illustrated in Figure 8.2. 

 

 
Figure 8.2 - Cracked Section Theory Moment Couple with PCPC Tensile Strength 

 

At this time little is known about the post yield behavior of PCPC so it is likely that 

some steel would have to remain in the concrete assuming that the PCPC still has a 

brittle-like failure. However, in Mr. Owen’s 1980 testimony he referred to sounds of 

ripping and creaking as the concrete tore apart making it sound more like a ductile 

failure. If so, it is possible that the reinforcing bar could be removed entirely if PCPC 

yielded enough ductile warning to failure. 

 

It should also be noted that in Figure 8.2 the addition of capacities is only a 

conceptual model. It should not be assumed that one can simply add PCPC’s 

capacity with the existing reinforcement bar capacity because such an approach 

would violate compatibility. The finite element models in this research properly 

considered this compatibility issue by using different elasticity’s and enforced 

compatibility at shared nodes. 

 
8.3 Other PCPC Bridge Deck Cost Considerations 

In chapter 4, it was found that the total dead load of the trial-7 PCPC deck was 55 

percent less than the original OPCC deck due to the reduction of a significant 

amount of material. That load reduction could also be used to reduce the size or 

amount of the precast girders. It is recommended that this calculation be made in the 

future. However, it should be noted that any reduction in size or number of girders 
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would likely result in and increased midspan deflection and may be outside the limits 

specified in this project. 

 

It is also recommended that when PCPC is realized more research is done to 

determine the up-front and labor costs of using PCPC in bridge decks. It is likely that 

PCPC would have to be produced using on-site mixers much like OPCC batch 

mixing that was done regularly before the advent of ready-mix concrete.Placement 

methods utilizing modified present OPCC equipment is feasible. Additional labor 

costs may include training workers to use the equipment and handle the PCPC 

material correctly.      
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Appendix A 

Mortar Test Tube Beam Constants 
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Appendix B 

Mortar Test Tube Beam Testing Matrix 
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Appendix C 

Base Cylinder Test Data 
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Appendix D 

2006 PCPC Cylinder Test Data 
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Appendix E 

2008 PCPC Cylinder Test Data 
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Appendix F 

1980 PCPC Cylinder Test Data 
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Appendix G 

Mortar Test Tube Beam Data Graphs 
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