
 

ABSTRACT 

HAN, JAEDOH. Durability Assessment of Concrete Materials in Chloride or Acidic Environments and 

Prestressed Concrete Design Solutions (Under the direction of Dr. Moe Pourghaz and Dr. Giorgio T. Pro-

estos). 

There are a large number of facilities and infrastructure across the US that require repair. Significant ma-

terials and labor costs are required for the repair or reconstruction of concrete structures, and they also come 

with social inconveniences caused by facility downtime. Studying the materials and construction methods 

that enhance durability or reduce costs is therefore necessary. Moreover, a comprehensive understanding 

and control of concrete deterioration is essential. In this dissertation, Chapters 2 and 3 address this need of 

the industry by evaluating the performance of repair materials for concrete overlays in waste transfer sta-

tions, focusing on binders and aggregates, to provide recommendations for selecting durable materials and 

attempting to develop new repair strategies, resulting in cost savings in the repair process and reducing 

operational delays. Chapter 4 evaluates the long-term performance of Soybean Methyl Ester (SME) appli-

cations to bridge deck concrete to mitigate deterioration and the skid resistance after topical application. 

The literature review indicated that (i) while abrasion resistance of floor repair materials under both me-

chanical and organic acid attack is well studied and a material design guide and specification has been 

previously developed, new construction or resurfacing with Portland cement concrete (PCC) is only ad-

dressed; (ii) the bond performance of materials under both mechanical and organic acid attack has not been 

studied; (iii) the effectiveness of SME-PS (Soy methyl ester polystyrene blends) as a sealant or calcium 

hydroxide addition as an admixture in reducing deterioration rate under the simultaneous mechanical abra-

sion and organic acid attack has not been investigated; (iv) while precast or prestressed concrete overlays 

have been used in airfields and highway pavements, their utilization in waste transfer facilities, which also 

demand heavy equipment operation and rapid deployment, lacks documented cases; and (v) it have shown 

that SME is effective in reducing moisture absorption and chloride penetration when used as a surface sealer 

for concrete, However, there are limited cases that verify its long-term performance and the skid resistance 

of SME-treated concrete. 

The overall objectives of this research are therefore (i) to investigate and compare the performance of 

commercially available overlay repair materials, including unconventional materials (iron aggregate and 

epoxy materials); (ii) to assess methods of enhancing resistance of concrete against organic acid attack, and 

(iii) to propose a preliminary design concept for precast and prestressed concrete overlay as a rapidly de-

ployable repair strategy, and (iv) to assess the feasibility of SME by performing skid resistance test and 

long-term chloride penetration tests on concrete with SME treatment. 



 

The effect of leachate exposure on the abrasion resistance of repair materials are investigated and the result 

indicate that (i) materials with emery aggregate consistently showed lower volume loss, highlighting their 

abrasion resistance; (ii) materials with iron aggregate experienced considerable deterioration and aggregate 

corrosion when exposed to low pH leachate environments, adversely affecting their abrasion resistance; (iii) 

epoxy-based materials showed lower average volume loss compared to cement-based materials; and (iv) 

neither SME-PS as a sealant nor the addition of calcium hydroxide as an admixture effectively improved 

the abrasion resistance of concrete under organic acid attack. In particular, SME-PS exacerbated deteriora-

tion on the concrete surface by reacting with synthetic leachate. The findings in bond strength tests indicate 

that (i) the exposure to leachate reduced the tensile strength of substrates and the bond strength between 

repair materials and substrates; (ii) the bond strength between the substrate and repair materials with emery 

aggregate were particularly vulnerable to exposure to organic acid attack, affecting the bond strength neg-

atively; (iii) the application of a bonding agent resulted in an enhancement of bond strength between the 

substrate and repair overlay; and (iv) the bond strength between epoxy based repair material and the sub-

strate was not affected by prior exposure to leachate. 

The feasibility of the use of precast and prestressed concrete overlay as a rapidly deployable repair strategy 

was investigated. This preliminary design includes materials, fabrication, lifting load cases and provides 

general recommendations for their design. Additionally, suitable panel sizes and strand spacing are sug-

gested based on the calculations conducted. To enhance concrete performance against simultaneous me-

chanical abrasion and organic acid attack, the mechanical properties of concrete mixture in Chapter 2 have 

been utilized in design calculations of precast/prestressed concrete overlays. 

The research outcomes are used to develop suggestions and recommendations for selecting repair strate-

gies and repair materials, including commercially available overlay repair materials, based on binder and 

aggregate type: (i) The material design of the WTS concrete floors is effective for repair purposes as well. 

This includes the use of a water/cement ratio lower than 0.36, a minimum of 70% total aggregate by volume, 

and granite coarse aggregates that do not react with organic acids. The application of an epoxy bonding 

agent can provide sufficiently good bond strength comparable to that of specialized repair materials; (ii) 

Inadequate surface preparation can cause significant damage to the existing floor; therefore, professional 

equipment or expertise is required; (iii) Among the commercially available repair materials, including spe-

cialized ones, those containing emery aggregate are more advantageous than those with iron aggregate; (iv) 

While epoxy binders may be superior to cement-based binders, their use will likely be limited to localized 

repairs due to economic considerations; (v) It is advisable to avoid the use of SME as a sealant and calcium 

hydroxide as an admixture, as well as repair strategies that are unverified in WTS environments, as they 



 

may degrade the performance of the concrete; and (vi) The application of precast and prestressed concrete 

overlay can be a rapidly deployable repair strategy. The most critical factor in determining panel size is the 

load applied to the panel during transportation. 

This research also evaluated SME application on bridge deck concrete. Topical SME application reduced 

the skid resistance at initial stage and applying blotting sand, especially concrete sand, significantly im-

proved the initial skid resistance. Additionally, SME ï whether applied topically or intermixed ï enhanced 

chloride resistance and prevented corrosion over a long-term testing period. 

This study evaluated the performance of commercially available repair materials and investigated the ap-

plicability of repair strategies for concrete structures under aggressive exposure conditions. The durability 

of concrete materials, and the corrosion resistance of SME application were assessed. Moreover, repair 

strategies were examined and proposed. Accordingly, this research provides practical, evidence-based guid-

ance for material selection and repair strategy development. The inclusion of long-term performance data 

represents meaningful contributions toward extending the service life of deteriorated infrastructure. Ulti-

mately, the findings of this study are expected to contribute to reducing maintenance costs, minimizing 

operational delays, and promoting sustainable repair strategies for concrete structures. 
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Chapter 1.  

 

Introduction 
 

1.1 Problem Statement 

When concrete is exposed to acidic or chloride environments, the durability of the structure is compromised. 

This study addresses the problems under certain exposure conditions (Waste transfer stations and bridge deck) 

and proposes material applications to enhance durability, and corresponding repair strategies.  

First, the premature deterioration of concrete overlays in waste transfer stations is very common. This deg-

radation results from simultaneous exposure to leachate and mechanical abrasion. Exposure to leachate 

causes a reaction between acids and calcium-containing hydrated phases in the cement paste, forming water-

soluble calcium salts. This reaction lowers the pH of concrete and results in the degradation of Calcium 

Silicate Hydrate (CSH), which is the primary contributor to the durability of concrete. Additionally, the de-

graded concrete floor becomes more vulnerable to damage caused by the mechanical abrasion from heavy 

equipment operating on it, further exacerbating the degradation. 

The deterioration of concrete overlays in Waste Transfer Stations (WTSs) poses a significant concern for 

facility owners and operators. The replacement of overlays in these stations carries substantial economic 

implications, including direct costs, operational delays, and planning challenges. A material design guide and 

specification has been previously developed with the intention of aiding owners in the design process [1]. 

However, this guide has limitations. It lacks coverage of repair strategies and the selection of materials for 

repair, and the use of unconventional materials.  

Abrasion resistance is a key factor affecting the durability of concrete floors in WTSs [2]. The abrasion 

resistance of concrete is significantly influenced by the characteristics and types of aggregates used in its 

composition [3,4]. A considerable portion of commercially available tipping floor repair materials contain 

emery and iron aggregate to augment their abrasion resistance. Both emery aggregate and iron aggregate can 

play important roles in improving the abrasion resistance of concrete. Research on the abrasion resistance of 

concrete containing specific types of iron aggregate has been conducted [5-8]. However, there is a lack of 

research on the abrasion resistance of concrete with emery or iron aggregate under simultaneous organic acid 

attack and mechanical abrasion. 
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There is a frequent requirement to bond new concrete with existing concrete. This necessity arises in various 

scenarios including waste transfer station tipping floors, where concrete overlays are employed and bond 

between the repair layer and substrate is critical [9-12]. Several studies have investigated the challenge of 

achieving interfacial bonding between deteriorated concrete substrates and repair materials [11-13]. This 

bond strength is important particularly in environments where factors such as heavy loads, chemical exposure, 

and environmental conditions place significant stress on the concrete surfaces. Thus, evaluating and optimiz-

ing the bond strength between new concrete overlay and existing concrete substrates is essential for success 

and durability. 

This thesis also suggests a different approach for concrete overlays in waste transfer stations. An appeal-

ing solution to conventional cast-in-place repairs is the implementation of precast and prestressed concrete 

slabs, which are designed for quick installation by simply ñdropping them in place.ò Precast or prestressed 

concrete pavements are applied in highways, airfields, and bridge decks [14-21]. Precast or prestressed pave-

ment technologies for the construction of new overlays have been explored in various fields. However, their 

utilization in waste transfer stations has not been explored. 

Secondly, deterioration due to chloride attack is one of the primary durability issues of reinforced concrete. 

To maintain the long-term durability of structures, it is effective to inhibit the penetration of moisture and 

chloride into concrete. Various approaches have been applied for this purpose, including the use of surface 

coatings and admixtures. Soybean Methyl Ester (SME) has been identified as one of the environmentally 

friendly materials advantageous from a sustainability perspective. When applied as a surface sealer on con-

crete, SME has been reported to effectively reduce both moisture absorption and chloride penetration [22]. 

Additionally, SME exhibits high solubility and can be blended with polystyrene to form an SME-PS compo-

site. This composite shows favorable properties for enhancing the moisture resistance of concrete, and sev-

eral studies have investigated its application as either an admixture or a coating material [22ï26]. However, 

research validating the long-term performance of SME remains extremely limited. In addition, studies on the 

skid resistance of SME-treated concrete ï a critical requirement for bridge deck application ï are also limited.  
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1.2 Objectives and Organization 

The following are the objectives of this dissertation: 

1. Investigate the performance of commercially available overlay repair materials and assess methods 

of enhancing resistance of concrete against organic acid attack. 

 

2. Propose a preliminary design concept for precast and prestressed concrete overlay as a rapidly de-

ployable repair strategy. 

 

3. Evaluate SME application through the skid resistance test and the long-term chloride penetration test. 

In this dissertation, Chapters 2 and 3 address this need of the industry by evaluating the performance of 

repair materials for concrete overlays in waste transfer stations, focusing on binders and aggregates, to pro-

vide recommendations for selecting durable materials and attempting to develop new repair strategies, re-

sulting in cost savings in the repair process and reducing operational delays. Chapter 4 evaluates the long-

term performance of SME applications to bridge deck concrete to mitigate deterioration and the skid re-

sistance after topical application. 
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Chapter 2.  

 

Evaluation of Concrete Overlays in Waste Transfer 

Stations  

 

2.1 Introduction 

Waste Transfer Stations (WTS) is a facility where municipal solid waste is temporarily collected, com-

pacted, and prepared for transportation to final disposal sites, landfills. Instead of transporting waste directly 

from the collection point to the landfill, it is first delivered to these centralized stations to enhance logistical 

efficiency and reduce transportation costs. WTSs serve as critical nodes in the waste management system by 

enabling the aggregation and redistribution of waste for long-distance hauling. Figure 2.1 (a) shows the ex-

ample of a waste transfer station in the United States.  

The degradation of concrete floors or overlays in WTSs is a major issue for facility owners and operators. 

Replacing these overlays incurs considerable economic costs, encompassing direct expenses, operational 

interruptions, and planning challenges. This deterioration primarily results from the combined effects of 

leachate exposure and mechanical abrasion from waste handling equipment. The deteriorated overlay floor 

is referred to as ñTipping floorò, and Figure 2.1 (b) shows the degraded surface of the floor. 

Exposure to leachate causes a reaction between acids and calcium-containing hydrated phases in the ce-

ment paste, forming water-soluble calcium salts. This explains the deterioration of concrete due to exposure 

to leachate [27]. The following example illustrates the reaction between acetic acid and calcium hydroxide 

[5]: 

2CH3COOH + Ca(OH)2 Ÿ Ca(CH3COO)2 + 2H2O    (1) 

 

This reaction lowers the pH of concrete and results in the degradation of Calcium Silicate Hydrate (CSH), 

which is the primary contributor to the durability of concrete. 

Abrasion resistance is a critical factor influencing the durability of concrete floors in WTS. Regardless of 

exposure to organic acid, studies [2,3] indicate that the abrasion resistance of concrete is substantially af-

fected by the properties and types of aggregates used in its composition and highlight that the choice of 

aggregates is essential for improving abrasion resistance, particularly in applications like floors or pavements. 
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Recent research by Park et al. [4] has expanded this understanding by evaluating the abrasion resistance of 

Portland cement concrete (PCC) under exposure to organic acids. For example, it is reported that the abrasion 

resistance of concrete is mainly a function of the hardness of the coarse aggregates, and that water-to cement 

ratio (w/c) plays a secondary role in increasing the abrasion resistance of concrete and the abrasion resistance 

of high w/c concrete materials with limestone decreases in long-term exposure to organic acids. Based on 

these findings, a material design guide and corresponding specifications were proposed for WTS floor ap-

plications [1].  

Furthermore, there is a need to bond new concrete to existing concrete, particularly in scenarios such as 

waste transfer station tipping floors, where concrete overlays are used, and the bond between the repair layer 

and the substrate is crucial [6-8,28]. Several studies have explored the challenge of achieving effective in-

terfacial bonding between deteriorated concrete substrates and repair materials [9,28,29]. This bond strength 

is especially important in environments where heavy loads, chemical exposure, and varying environmental 

conditions exert significant stress on the concrete surfaces.  

Strategies to enhance the acid resistance of concrete have been investigated. For example, studies in [30,31] 

highlight the importance of high cement content in improving acid attack resistance, as a greater volume of 

cement paste enhances neutralizing capacity due to increased calcium hydroxide (CH) content. Koenig et al. 

[32] demonstrated that the use of alkali-activated binders improves resistance to organic acids compared to 

Portland cement, and the resistance increases with a decrease in CaO content. Additionally, Park et al. [4] 

revealed that, in the absence of organic acids, silica fume, polymeric fibers, and latex improve the abrasion 

resistance of concrete. However, under organic acid exposure, they reduce abrasion resistance. This is be-

cause silica fume decreases the concreteôs buffering capacity by converting CH to C-S-H, polymeric fibers 

weaken at the fiber-matrix interface, and latex potentially reacts with acids, all of which contribute to dimin-

ished performance. Moreover, penetrating sealants that enter into the pores of concrete and hinder the pene-

tration of moisture and harmful ion into concrete will enhance leachate resistance. In the WTS environment, 

chemical surface hardeners can convert calcium hydroxide into calcium silicate hydrate, and conventional 

surface sealants can be easily removed by waste handling equipment. However, Soy Methyl Ester Polysty-

rene blend (SME-PS) may be identified as an effective sealant. SME, derived from soybean oil-based methyl 

esters, penetrates the pores of concrete, providing a penetrating sealant that is not easily removed by waste 

handling operations. The addition of polystyrene further enhances this resistance [22-26,33].  

From the literature review, several research needs and motivations have been obtained. While existing 

studies have primarily focused on PPC or new construction, a considerable portion of commercial repair 

materials include unconventional components and are available for repairing even small areas of WTS floors. 
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Emery aggregate, Iron aggregate, and Epoxy-binder can be contained. However, there is no research evalu-

ating the abrasion resistance and the bond strength of these materials under organic acid exposure. Moreover, 

it was shown that calcium hydroxide, a byproduct of cement hydration, is the primary phase that provides a 

buffer against organic acid attack from the leachate. This suggests that the addition of calcium hydroxide to 

the mixture in the form of an admixture may enhance the resistance of concrete and repair materials to leach-

ate attack. Although the penetration resistance of SME-PS shows potential for improving acid resistance as 

a surface treatment, no studies have been conducted on this application under simultaneous exposure.  

To address the above knowledge gaps and expectations, multiple concrete samples were prepared accord-

ing to the manufacturer specifications, and their abrasion resistance and bond strength were evaluated after 

long-term exposure to an organic acid solution. The abrasion test was conducted by the test method devel-

oped by Park et al. In the following section of the present dissertation, the materials and methods are de-

scribed in detail; these include mixture proportions, specimen preparation, and organic acid solution formu-

lation. In conclusion, this chapter investigates the durability of commercially available overlay repair mate-

rials in terms of abrasion resistance and bond strength, and assesses methods of enhancing the resistance of 

concrete against organic acid attack. 

 

  

(a)  (b)  

Figure 2.1: Photograph of a WTS site: (a) operational facility, and (b) tipping floor.  
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2.2 Materials 

2.2.1 Synthetic leachate preparation 

The concrete floor in waste transfer stations is exposed to organic acid attack from waste leachate. Park et 

al. collected twenty samples of fresh leachate from three different WTSs and performed chemical analysis. 

The analysis revealed that the leachate primarily consisted of three VFAs: acetic acid, propionic acid, and 

butyric acid [1,4]. The synthetic leachate with chemical composition is shown in Table 2.1.  

In this dissertation, an additional step was taken to enhance the synthetic leachate before initiating subse-

quent experiments, further validating the effects of other components present in actual leachate on concrete 

abrasion. Oil and detergent, which are constituents found in real leachate, were added to the synthetic leach-

ate, and their effects were evaluated accordingly. The impact of oil and detergent on the degradation of floors 

in transfer stations was investigated through the results of an abrasion resistance test, comparing the abrasion 

resistance of concrete exposed to the leachate containing oil and detergent with those of concrete exposed to 

leachate containing organic acids only. As a result, oil and detergent had no effect, and the results are shown 

in Section 2.4.1. Therefore, oil and detergent were excluded from the leachate synthesis. 

 The concrete specimens were prepared with a water-to-cement ratio (w/c) of 0.30 and a total volumetric 

aggregate content of 70% (28% concrete sand and 42% granite by volume) [34]. This concrete is the same 

sample designated as HOPC (High-strength concrete), which was used as the control sample in the further 

experiment 

 

Table 2.1: Chemical composition of synthetic leachate 

pH 

Volatile Fatty acids (g/l) Anions (g/l) 

Acetic Propionic Butyric Sodium chloride Sodium sulfate 

4.70 2.95 0.35 0.32 1.88 0.44 

*Sodium hydroxide is added to adjust pH to 4.70. 
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2.2.2 Abrasion resistance 

In the abrasion resistance test, various repair materials were used and cast following proper guidelines 

from each company. Due to confidentiality reasons, the mixing proportions and composition of these prod-

ucts could not be analyzed and disclosed. However, they can be broadly categorized based on the type of 

binder and the type of aggregate they contain. The majority of these products are divided into two binder 

categories: cement-based and epoxy-based, while their aggregates are mainly classified as emery aggregates 

and iron aggregates. 

The specific characteristics of each product are outlined in Table 2.2. High strength concrete samples 

(HOPC) were fabricated to compare the abrasion resistance of the repair materials. Table 2.3 shows the 

mixture proportion of HOPC. The concrete specimens (HOPC) were cast using Type I ordinary portland 

cement with a water-to-cement ratio (w/c) of 0.30. The maximum aggregate size was 5/8-inch, accounting 

for a total aggregate content of 70% by volume. Within the concrete mixture, the proportions of coarse and 

fine aggregates were set at 60% and 40% of the total aggregate volume, respectively.  

 

Table 2.2: The list of repair materials for abrasion resistance tests. 

Name Binder  Coarse aggregate 

HOPC Cement Granite 

Cement_Emery 1 Cement Emery aggregate 

Cement_Emery 2 Cement Emery aggregate 

Epoxy_Iron Epoxy Iron aggregate 

Cement_Iron 1 Cement Iron aggregate 

Cement_Iron 2 Cement Iron aggregate 

Mortar Cement - 

 

Table 2.3: Mixture proportion of HOPC. 

Name w/c 
Cement 

(lb/yd3) 

Water 

(lb/yd3) 

Fine aggregate 

(lb/yd3) 

Coarse aggregate 

(lb/yd3) 

HOPC 0.3 819 246 1241 1861 

*Water Absorption of fine and coarse aggregate are 0.52% and 0.6% respectively. 
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All samples were cast in 2x2x10 inch PVC molds. The samples were sealed and cured at room temperature 

for 28 days. After the curing, the samples were carefully cut into 2x2x2 inch cubic samples to facilitate the 

subsequent abrasion testing procedures. The abrasion testing was conducted using the cut surfaces of the 

specimens to mitigate the influence of cement paste deposition on the cast surface. Utilizing the cut surface 

provides a more realistic representation of the long-term condition of the floor, enhancing the accuracy and 

relevance of the test results. 

Figure 2.2 (a) shows the exposure setup of samples for abrasion tests. All concrete specimens were com-

pletely immersed in a synthetic leachate solution in high-density polyethylene containers. Ensuring a volume 

ratio of 0.95 between the specimens and the acidic solution, the specimens were exposed adequately to the 

leachate for evaluation. The pH of leachate solutions was monitored, and the leachate solution was replaced 

with fresh solution whenever the pH decreases to10. After specific exposure durations of 90, 150, and 210 

days, a set of concrete specimens (comprising six replicates) were retrieved from the acidic solution to assess 

their abrasion resistance.  

To evaluate the effect of Calcium hydroxide, control samples were created by producing a normal-strength 

concrete sample (OPC) with w/c 0.40 and 60% total aggregate volume. Calcium hydroxide was added by 

replacing by 2, 5, and 10% of cement. For SME-PS coating evaluation, an identical control sample com-

position was used and the SME-PS dosage applied to the surface of the concrete was 0.005 oz per sq. inch. 

The SME-PS dosage was brush coated onto the concrete sample and concrete samples were dried for 24 

hours. Concrete samples with different calcium hydroxide contents or SME-PS coating, respectively, were 

immersed in synthetic leachate for an extended period and abrasion resistance tests were conducted. 
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2.2.3 Bond strength 

The list of concrete materials tested is shown in Table 2.4. The concrete substrates, measuring 12x12x2.5 

inches, were prepared using Type I ordinary portland cement with a water-to-cement ratio (w/c) of 0.45 and 

a total volumetric aggregate content of 70% (28% fine aggregate and 42% coarse aggregate by volume); this 

mixture represents a typical structural concrete. After curing for 28 days, the substrates were exposed to two 

different conditions over 210 days. One group was subjected to 55% RH and ambient room temperature, 

while the other group was immersed in synthetic leachate. Figure 2.2 (b) shows the exposure setup of samples 

for bond strength tests. The leachate was replaced when the pH reached 10, and its pH was continuously 

monitored throughout the exposure period. After the 210-day exposure, all substrates were uniformly cleaned 

and wire-brushed to remove degraded surfaces resulting from exposure to the synthetic leachate and to en-

hance surface roughness. Subsequently, half of total substrates underwent chipping using a hand-demolition 

hammer to increase surface roughness. To prevent excessive water absorption from the overlay material, 

saturated substrates with dry surfaces were prepared before casting the overlay. The overlay was simply cast 

on the substrate and a vibrator was used to consolidate the mixture. Figure 2.3 illustrates the chipped surface 

of substrate. A 1-inch overlay was applied to the concrete substrates and sealed-cured for an additional 28 

days. 

 

Table 2.4: The list of overlay materials for bond strength tests. 

Name Binder Aggregate 

HOPC Cement Granite 

HOPC_Bond a Cement Granite 

Cement_Emery 1 Cement Emery aggregate 

Cement_Emery 2 Cement Emery aggregate 

Epoxy_Iron Epoxy Iron aggregate 

a Bonding agent was applied on the surface of the substrate before casting overlay. The bonding agent, Metco Low-Mod Epoxy, 

is manufactured by Metalcrete Industries. 
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(a)  (b)  

Figure 2.2: Organic acid exposure setup: (a) for abrasion resistance test sample and (b) for bond 

strength test substrate.  

 

 

 

Figure 2.3: Chipped substrate by a hand-demolition hammer. 
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2.3 Methods 

2.3.1 Abrasion resistance 

Figure 2.4 illustrates a photograph of the in-lab developed apparatus utilized for conducting the abra-

sion test (the abrasion tester) developed by Park [1]. This tester is composed of a Direct Current (DC) 

motor powered by a DC current supply, enabling precise control of the motorôs rotational speed. The spec-

imen is securely fastened within a specimen holder using a C-clamp, ensuring stability during the test and 

minimizing vibrations to avoid any undue impact on the specimen. The specimen comes into contact with 

the rotating abrasive wheel. 

 

  

(a)  (b)  

Figure 2.4: Abrasion test machine: (a) front view; and (b) side view. 

 

The specimen is pressed against the wheel using a ñweight assemblyò positioned above the specimen 

holder, allowing only vertical movement of the specimen. The weight assemblyôs total self-weight is 

5.7 lb (2.6 kg), but additional weights can be added to the ñweight containerò to increase the force 

applied. To prevent specimen overheating, the abrasion tester incorporates a water nozzle. 

In this study, a commercially available silicon carbide grinding wheel measuring 0.50 inches in 

thickness was utilized. Concrete specimens were abraded at 420 RPM (corresponding to 40 V) for 5 

minutes. The abrasion test has been conducted using three different specimens for both the top and 
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bottom sides of each specimen. The average volume loss, determined from six replicate tests, was 

adopted as the test result. Given the abrasion experienced by the wheel itself, each wheel was used for 

abrading a specimen replicate. 

The volume loss of the specimens was measured using oil-based modeling clay, as depicted in Fig-

ure 2.5, following the ASTM standard C418 [35]. The change in mass before and after applying the clay 

was divided by the density of the clay (102.38 lb/ft3) to derive the volume loss. Utilizing volume loss 

rather than mass loss mitigates errors stemming from mass gain due to water absorption during the test. 

  

(a)  (b)  

Figure 2.5: The example of volume loss measurement using oil base modeling clay after an abrasion test 

on concrete specimen: (a) before and (b) after applying clay. 
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2.3.2 Bond strength 

Figure 2.6 describes the equipment and samples in the bond strength test. In order to assess the bond 

strength between repair materials and substrates, a pull-off test was conducted in accordance with ASTM 

C1583 [36]. The experimental apparatus for this purpose was the BOND-TEST equipment manufactured by 

Germann Instruments Inc. A 1.97-inch diameter core was drilled into additional concrete, extending 1 inch 

beyond the interface into the substrate. Subsequently, a circular steel disc was bonded to the core surface 

using epoxy resin. Tension force was systematically applied to the disc using the BOND-TEST equipment 

at a constant rate of 0.05 MPa until failure occurred.  

 

 

 

(b) 

 

a)  (c)  

Figure 2.6: Bond strength test method: (a) equipment; (b) Sample before test; and (c) Sample after test. 
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2.4 Result and Discussion 

2.4.1 Simulation of the synthetic leachate 

Figure 2.7 shows the results of abrasion tests conducted on concrete specimens exposed to synthetic leach-

ate with different compositions. Results of abrasion tests on concrete can show variations based on factors 

such as the distribution of aggregates on the tested concrete surface; therefore, tests were performed on five 

samples. The differences in outcomes between two groups were not statistically significant, indicating con-

sistent abrasion performance regardless of the presence of oil and detergent. As a result, it has been confirmed 

that oil and detergent do not induce significant chemical interactions that would compromise the durability 

of concrete beyond that induced by leachate. Additionally, since both the leachate (with and without detergent 

and oil) maintained a constant pH of 4.7, there was no effect due to pH differences. Based on these experi-

mental findings, subsequent tests utilized synthetic leachate without oil and detergent. 

 

 

 
Figure 2.7: Volume loss of concrete exposed to different synthetic leachate; lower value corresponds to 

better performance. (SynL stands of synthetic leachate and SynL+Oil+Det. Stands for syn-

thetic leachate with oil and detergent). 
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2.4.2 Abrasion resistance of repair materials 

Several repair materials were immersed in synthetic leachate for an extended period and the abrasion 

resistance test was conducted. The repair materials used in the experiments can be categorized based on two 

main factors: binder type and aggregate type. Binders were divided into cement-based and epoxy-based and 

aggregates were categorized as emery aggregate and iron aggregate. The names of the sample groups were 

assigned based on the type of binder and aggregate in the product, with commercial product names not dis-

closed in this dissertation. Control sample groups were created by producing a High-strength Ordinary Port-

land Cement Concrete (HOPC) and mortar, following the developed material design guidelines and recom-

mendations for WTS floors [1] (w/c 0.30, volume of total aggregate 70%, granite aggregate). 

Figure 2.8 illustrates the results of the abrasion tests conducted on the repair materials, exposed to synthetic 

leachate for durations of 0, 90, 150, and 210 days. The results present the average volume loss of six repli-

cates, and the error bars represent the standard deviation. 

 

In all groups, as the exposure period increased, the average volume loss also increased. However, after 

150 days of exposure, there was no significant difference in volume loss despite the extended periods. This 

suggests that the rate of degradation is not constant. An alternative analysis could suggest that during the 

continuous leachate replacement process, the topmost layer of concrete sample is gradually lost, leading to 

consistent abrasion test results despite longer exposure periods. However, when concrete samples were used 

 

Figure 2.8: Abrasion resistance of repair materials after exposure to the synthetic leachate for 0, 90, 

150, and 210 days - smaller value corresponds to a better performance. Cement_Emery 

stands for cementitious based repair material with emery aggregate; Epoxy_Iron stands for 

epoxy based repair material with iron aggregate. 
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for the abrasion test, there were no signs of loss on the sample surface. The surface remained intact, indicating 

no volume loss without mechanical abrasion. 

Among the repair materials, Cement_Emery 2 exhibited the best abrasion resistance performance. Mate-

rials with emery aggregate consistently showed a lower volume loss across all exposure intervals compared 

to those with Iron aggregate. As emery aggregate is coarse aggregates (around 1/2 inch), while Iron aggregate 

comprises finer particles as a fine aggregate, the absence of coarse aggregate in products with Iron aggregate 

led to relatively higher volume loss. Additionally, samples containing Iron aggregate corroded and released 

oxides during the exposure stage. Figure 2.9 shows the repair materials with iron aggregate and emery ag-

gregate exposed to the synthetic leachate in a container. Therefore, products with iron aggregate suffered 

from significant aggregate corrosion in low pH leachate, leading to compromised abrasion resistance. 

Although HOPC utilized granite as its aggregate, it exhibited sufficient abrasion resistance compared to 

repair materials. HOPC showed an insignificant difference of 0.108% in volume loss at 210 days compared 

to Cement_Emery 1, but a substantial 37.8% difference in volume loss compared to Cement_Emery 2. 

Among materials with iron aggregate, Epoxy_Iron exhibited a lower average volume loss compared to 

Cement_Iron 1 and Cement_Iron 2. This suggests that Epoxy-based materials with iron aggregates are less 

prone to degradation by leachate compared to cement-based materials since cement based matrix is porous. 

  

(a) (b) 

Figure 2.9: Materials with emery and iron aggregate after exposure the synthetic leachate for two days:  

(a) material with emery aggregate; and (b) material with iron aggregate. 
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Figure 2.10 presents the results of a previous study comparing the abrasion resistance of concrete made 

with limestone and granite from [1]. This figure was referenced to aid in the further understanding of the 

current study. The graphs on the left and right, respectively, correspond to concrete materials with w/c=0.30 

and 0.48. In the absence of organic acid attack, the abrasion resistance of concrete is mainly influenced by 

the hardness of coarse aggregate and the effect of w/c ratio is secondary. However, when simultaneous or-

ganic acid exposure and mechanical abrasion is concerned, the effect of w/c becomes very significant [1]. 

  

(a) (b) 

Figure 2.10: The effect of exposure to the synthetic leachate on the abrasion resistance of concrete with 

different aggregate types: (a) w/c 0.30; and (b) w/c 0.48 [1]. 
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2.4.3 Bond strength of repair materials 

Bond strength tests were conducted on repair materials either exposed or not exposed to leachate. The 

material with iron aggregate and mortar sample was excluded for the bond strength test based on their poor 

abrasion resistance performance. 

Figure 2.11 shows three modes of failure in this pull-off test: (a) failure within the substrate; (b) failure 

due to cracking at surface; (c) failure at the repair material/substrate interface. The failure mode óaô indicates 

that the bond exhibits greater tensile strength compared to the concrete substrate. In concrete repair applica-

tions, it is also crucial to establish a robust bond with the concrete substrate and ensure that failure occurs 

within the substrate itself. Thus, failure mode óaô is preferred in this project since repair materials typically 

have higher tensile strength than concrete substrates. Failure mode óbô is not the typical representative failure 

mode of a pull-off test, but the reasons behind this will be discussed later in this chapter. Failure mode ócô is 

the least desirable since it indicates low bond strength between materials. 

   

(a) Substrate (b) Prematurely cracked (c) Interface 

Figure 2.11: Bond failure modes: (a) failure within the substrate; (b) failure due to cracking at interface 

surface; and (c) failure at the repair material/ substrate interface. 

Figure 2.12 illustrates the results of the bond strength test on repair materials with different surface treat-

ment (no exposure to organic acid). The failure modes of the test group are reported in Table 2.5. Herein, 

ñSmoothò denotes substrates that underwent rinsing and wire-brushing as a standard preparation procedure, 

while those additionally subjected to ñchippedò are explicitly indicated. Without chipping, Cement_Emery 

1 and Epoxy_Iron exhibited failures within the substrate, indicating substantial bond strengths. The bond 

strength of the materials surpassed the tensile strength of substrates, thereby demonstrating superior bond 

strength compared to other repair materials. Conversely, the other repair materials failed at the interface 

between the substrate and repair materials (failure mode c). As a result, the tensile strength of substrates 

ranged from approximately 3.11 to 3.53 MPa. 
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Contrary to the purpose of enhancing bond strength, chipping methods used in this research induced cracks 

in the substrates. Chipping in this research is intended to simulate high level of roughening in the laboratory 

without the use of heavy-duty field equipment such as hydro demolition equipment [37]. It did not replicate 

the exact roughness of the field surface. Chipped substrates exhibited significantly lower strength than an-

ticipated, even failing at strengths lower than the expected tensile strength of substrate (failure mode b). 

Surface treatments like chipping theoretically enhance substrate roughness and improve bond strength be-

tween repair materials and substrates. However, the treatments simultaneously pose risks by rendering ex-

isting substrates vulnerable. Despite repeated efforts to remove weakened areas post-chipping, risks were 

not completely solved. Moreover, chipping in this research represents a substantially lower level of treatment, 

relative to the Concrete Surface Profile (CSP) 8-10 required by repair materials. Therefore, meticulous at-

tention is required to achieve the CSP 8-10 level of surface treatment without the risk in field application. 

We would like to reiterate that the observation made in this research, that is lower bond strength resulting 

from chipping the substrate surface, is because of the method used in this research. In the field surface, 

roughening should be implemented; the surface roughening in the field however needs to achieve CSP level 

of 8 to 10.  

 

Table 2.5: Failure mode of the bond strength test with different surface treatment. 

Condition 
Material type 

HOPC HOPC_Bond Cement_Emery 1 Cement_Emery 2 Epoxy_Iron 

Smooth Interface Interface Substrate Interface Substrate 

Chipped 
Prematurely 

cracked 

Prematurely 

cracked 

Prematurely 

cracked 

Prematurely 

cracked 

Prematurely 

cracked 

 

Figure 2.12: Bond strength of repair materials with different surface treatment. 
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Figure 2.13 shows the results of the bond strength test between repair materials and substrates with or 

without exposure to the synthetic leachate; all results are for smooth substrates and the failure modes of test 

group are also reported in Table 2.6.  

The bond strength between all repair materials and substrates decreased after exposure to synthetic leach-

ate. HOPC exhibited a decrease of 21%, HOPC with bonding agent by 25%, Cement_Emery 1 by 48%, 

Cement_Emery 2 by 73%, and Epoxy_Iron by 33%. Particularly, materials with emery aggregate showed a 

relatively pronounced decline in bond strength with the substrate if the substrate is exposed to leachate. 

Conversely, among the repair materials after exposure, Epoxy_Iron demonstrated the highest bond strength 

with substrates (over tensile strength of substrate) and only exhibited failure within the substrate (failure 

mode a). The tensile strength of substrates exposed to synthetic leachate ranged from approximately 2.17 to 

2.45 MPa. Consequently, exposure to synthetic leachate results in a decrease in the tensile strength between 

the two layers and organic acid attack leads to a reduction in the bond strength between the overlay and 

concrete substrate. 

 

Table 2.6: Failure mode of the bond strength test with ñSmooth substratesò 

Condition 
Material type 

HOPC HOPC_Bond Cement_Emery 1 Cement_Emery 2 Epoxy_Iron 

Reference Interface Substrate Substrate Interface Substrate 

Leachate Interface Interface Interface Interface Substrate 

 

 

Figure 2.13: Bond strength between repair materials and substrates after exposure to synthetic leachate. 

HOPC_Bond stands for HOPC overlay sample with epoxy bonding agent on the substrate.  



22 

Materials with emery aggregate displayed excellent abrasion resistance performance and superior bond 

strength with substrates unexposed to leachate. However, they exhibited notable vulnerability to organic acid 

attack in terms of bond strength when the substrate is exposed to leachate. Although HOPC initially presented 

the lowest bond strength, it proved relatively less susceptible to organic acid attack. Furthermore, the appli-

cation of a bonding agent resulted in a comparable enhancement of bond strength between the substrate and 

HOPC overlay, achieving 88% of the bond strength of Epoxy_Iron and nearing the tensile strength of the 

substrate. 
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2.4.4 Evaluation of methods to improve organic acid resistance 

A. Calcium hydroxide as an admixture  

Figure 2.14 illustrates the results of the abrasion resistance test of concrete with different dosages of Cal-

cium hydroxide (CH), exposed to the synthetic leachate. The concrete sample with additional CH showed 

lower abrasion resistance performance compared to reference sample. Furthermore, the sample with 10% 

CH exhibited the lowest performance and the sample with 5% CH had slightly higher abrasion resistance 

than sample with 2% CH. Consequently, the addition of CH to concrete did not correlate with abrasion 

resistance. Contrary to the expectation that additional CH would enhance abrasion resistance by increasing 

resistance to organic acid attack, there was no significant difference in abrasion resistance among all samples, 

indicating that the substitution of CH was ineffective. 

 

 

Figure 2.14: Effect of different dosage of Ca(OH)2 (CH) in concrete sample on abrasion resistance after 

exposure to the synthetic leachate (CH 2% : OPC sample with 2% of CH replacement). 
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B. Soy Methyl Ester Polystyrene blend (SME-PS) as a sealant 

Figure 2.15 shows the results of abrasion resistance test on concrete with or without SME-PS coating after 

exposure to the synthetic leachate. Samples with SME-PS coating shows lower abrasion resistance perfor-

mance than samples without the coating and the differences of the volume loss increased with longer period 

of immersion, indicating that SME-PS coating has a negative impact on the abrasion resistance of concrete.   

Figure 2.16 shows the surface of concrete sample with or without SME-PS coating after exposure to the 

synthetic leachate. Concrete samples treated with SME-PS coating demonstrated severe surface degradation 

compared to those without such treatment. This phenomenon can be attributed to the interaction between the 

SME-PS coating and synthetic leachate of low pH, resulting in the acidic hydrolysis of esters [38-40]. Upon 

application to the concrete surface, the SME-PS reacts with water and hydrogen ions present in the acid 

solution, leading to the generation of further acid and alcohol. Thus, rather than safeguarding the concrete 

against organic acid attack, the SME-PS coating exacerbated the acid attack. 

 

 
Figure 2.15: Effect of SME-PS coating on abrasion resistance of concrete after exposure to the synthetic 

leachate. 
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(a) (b) 

Figure 2.16: Effect of SME-PS coating on sample surface after exposure to synthetic leachate:  

(a) without SME-PS coating; and (b) with SME-PS coating. 

 

2.5 Findings and Conclusion 

This chapter investigated the effect of leachate exposure on the abrasion resistance and bond strength of 

repair materials and the result indicate that (i) materials with emery aggregate consistently showed lower 

volume loss, highlighting their abrasion resistance, however its bonds strength was significantly compro-

mised with the substrate exposed to organic acids; (ii) materials with iron aggregate experienced considerable 

deterioration and aggregate corrosion when exposed to low pH leachate environments, adversely affecting 

their abrasion resistance; (iii) epoxy-based materials showed lower average volume loss and higher bond 

strength compared to cement-based materials; and (iv) neither SME-PS as a sealant nor the addition of cal-

cium hydroxide as an admixture effectively improved the abrasion resistance of concrete under organic acid 

attack. In particular, SME-PS exacerbated deterioration on the concrete surface by reacting with synthetic 

leachate. 

The research outcomes are used to develop suggestions and recommendations for selecting repair materi-

als and strategies, based on binder and aggregate type: (i) Among the commercially available repair materials, 

including specialized ones, those containing emery aggregate are more advantageous than those with iron 

aggregate; (ii) While epoxy binders may be superior to cement-based binders, their use will likely be limited 

to only localized repairs due to economic considerations; (iii) The application of an epoxy bonding agent can 

provide sufficient bond strength comparable to that of specialized repair materials; and (iv) It is advisable to 

avoid the use of SME-PS as a sealant and calcium hydroxide as an admixture, as well as repair strategies that 

are unverified in WTS environments, as they may degrade the performance of the concrete. 
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Chapter 3.  

 

Preliminary Design for Precast and Prestressed Con-

crete Overlays as a Repair Strategy 

 

3.1 Introduction 

As discussed in the previous chapter, any construction delay for floor installation or repair in Waste Trans-

fer Stations (WTSs) causes significant operational costs. In this context, precast concrete, which follows a 

ñdrop-in-placeò approach, can be a promising strategy by reducing on-site construction time compared to 

conventional cast-in-place concrete topping or pavement.  

Precast or prestressed concrete overlays or pavements are applied in highways, airfields, and bridge decks 

[14-21]. These approaches included the application of precast concrete pavement [41], a combination of 

precast and prestressed concrete pavement [42], and prestressed concrete pavement that is cast in place and 

then post-tensioned [43]. This approach allows for optimal curing conditions and quality control, ensuring a 

more uniform and defect-free product by the controlled manufacturing environment [44,45]. This quality 

control and the resistance to cracking from the prestressing can contribute to a higher resistance against 

environmental and mechanical abrasion, leading to a longer service life of the floor. This approach also 

allows the possibility to design slabs that are thinner than conventional cast-in-place concrete slabs [44,46].  

By prestressing the concrete, compressive stresses are introduced in the cross-section. This pre-compres-

sion can ensure that the tensile stresses from the self-weight of the slab panel and service loading do not 

exceed the concreteôs tensile strength thereby preventing cracks from lifting, transportation and loading. 

Therefore, the use of prestressing strands will increase the possible length of the panels that can be used and 

thus will reduce the number of joints which is the most structurally vulnerable part of the floor. The use of 

thinner slabs is particularly advantageous in scenarios where floor thickness is constrained by design or 

operational requirements. Overall, the use of precast and prestressed slabs represents an engineering solution 

to the challenges of durability and longevity in high-demand industrial applications. Although efforts to em-

ploy precast or prestressed pavement technologies for the construction of new overlays have been explored 

in various fields, such as highways, airfields, and bridge decks [14-21], their utilization in waste transfer 

stations has not been explored. 
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This chapter suggests the use of precast and prestressed concrete overlay as an alternative construction 

and repair strategy that is rapidly deployable. The chapter includes the design methodology and examples 

for the overlay panel. The panel design presented in this dissertation assumes pre-tensioning rather than post-

tensioning. Post-tensioning was excluded from this study because it requires additional on-site work to 

achieve tensioning and floor panel integration. Also, it can complicate partial repair and maintenance due to 

surface abrasion or cracking. In contrast, the use of ñpre-tensionedò panels supports modular construction 

and facilitates easier replacement and repair. For this reason, this study selected a design approach based on 

pre-tensioning rather than post-tensioning. This idea is intended for use as an overlay panel placed on a 

structural floor, not serving as a structural support element. So, the critical load condition for panel design 

was determined to be the self-weight of the slab during transportation and lifting, rather than service loads 

after installation. Accordingly, the design was guided by limits at lifting, and it includes the location of lifting 

devices and the panel dimensions (i.e., thickness, length, and width). Panel thickness was established based 

on guidance from WTS field professionals to reflect practical application. This dissertation includes general 

design information and specifications in accordance with ACI codes and the PCI Design Handbook 

[44,47,48], and provides detailed recommendations and guidelines considering the operational environment 

of WTS facilities. 

This guideline shall serve as the primary reference to design precast and prestressed concrete overlay for 

new construction and tipping floor repair. It also highlights the significant and unique benefits of using pre-

cast and prestressed concrete overlay. These include the key advantages: quality control, potential reduction 

of construction time, reduced on-site labor, greater span-to-depth ratio, less material usage, a smaller number 

of joints, durability, and economic benefits. 

3.2 General 

The current section only provides materials, fabrication, lifting, and general recommendations for the pre-

cast and prestressed concrete overlay; the effect of exposure of concrete to leachate has been considered in 

this recommendation through selecting materials that have shown superior resistance against organic acids. 

In addition to the requirements of the current section, the concrete overlays shall meet the requirements and 

specifications for structural design in accordance with the most recent provisions of the Building Code Re-

quirement for Structural Concrete (ACI 318-19) or equivalent as required by building officials and owners.  
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3.3 Materials 

A. Concrete 

The selection of materials, proportioning of mixtures, batching, and mixing processes for precast concrete 

shall adhere to the material design recommendations for the waste transfer stationôs floor : (i) Maintain a 

water-cement ratio below 0.36, (ii) ensure that at least 70% of the total volume is composed of aggregates, 

(iii) use granite coarse aggregates that do not react with organic acids, (iv) Do not use pozzolanic materials 

such as fly ash, silica fume, and slag, which reduce calcium hydroxide content nor additional calcium hy-

droxide as an admixture, and (v) avoid the use of polymeric fibers, latex-modified mixtures, and SME [1]. 

B. Reinforcement  

- Non-prestressed reinforcement: Grade 60 or Grade 80 steel reinforcement bar shall be used and conform 

to ASTM A615 or ASTM A706. These steel grades ensure the reinforcement can effectively resist tensile 

stresses and contribute to the structureôs overall stability. Grade 60 bars offer standard strength, and Grade 

80 bars provide higher strength where additional load-carrying capacity is needed. It allows for design flex-

ibility depending on the structural demands. 

- Prestressed reinforcement: prestressed strands (Grade 270) shall be used and conform to ASTM A416. 

The strands provide the necessary compressive forces to enhance the structural capacity of the concrete by 

preloading it to counteract tensile stresses. Prestressed reinforcement helps prevent cracking and deflection, 

making it ideal for longer-span and higher-load structures. 

 

C. Lifting Devices 

The lifting devices most frequently employed consist of loops made from prestressing strands extending 

out from the concrete, threaded inserts, and various proprietary devices specifically designed for lifting heavy 

concrete elements. These loops, which are formed by bending the prestressing strands, are robust and capable 

of handling significant loads, making them a common choice for lifting precast concrete panels and other 

structural components. Threaded inserts, on the other hand, offer a more refined solution by allowing for 

easy attachment and detachment of lifting hooks or slings, providing flexibility in handling. Proprietary lift-

ing devices, which come in various shapes and designs, are often engineered for specific applications and 

provide enhanced safety and efficiency. If threaded inserts or proprietary devices are used, they must adhere 
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to the manufacturerôs guidelines to ensure proper performance and safety during lifting operations. Addi-

tionally, all lifting devices should be carefully inspected prior to use to ensure they are free from damage, 

wear, or corrosion that could compromise their load-carrying capacity. Proper usage of these devices not 

only ensures the safe handling of concrete elements during construction but also minimizes the risk of acci-

dents and damage to the structures being lifted. 

D. Grout 

Grout can serve various purposes, such as acting as a bedding material, facilitating grouting between over-

lay panels as well as between panels and pre-existing structures. Different types of grouts are used: 

Cementitious grout is a mixture of portland cement, water, and fine aggregates. It is favored for its ease of 

application and flowability, ideal for filling larger gaps. It can be adjusted with additives to improve its 

strength, reduce water demand, or accelerate setting times as needed for specific applications. 

Non-shrink grout is appropriate for ensuring a stable, void-free base and for filling joints to maintain struc-

tural integrity. It allows for slight expansion before hardening, preventing shrinkage and ensuring tight con-

tact with all surfaces, thus aiding in load distribution and protection against penetration.  

Epoxy grout is a mixture of epoxy resins and a filler material. it distinguished by its high strength, chemical 

resistance, and long-term durability. Also, it is suitable for challenging environments subject to chemical 

exposure, oil, or where a waterproof seal is essential. The adhesive properties of epoxy grout are particularly 

beneficial for bonding and tensile capacity between overlay panels.  

E. Abrasion indicator 

The abrasion indicator is a new device suggested in this thesis and will be in the form of a cut brass cone 

embedded on the surface of the panel. The concept detail of abrasion indicator is shown in Figure 3.1. The 

visible portion of the cone will provide a direct, quantifiable measure of the abraded depth by correlating the 

diameter of the exposed indicator with the extent of wear. As the surface of the panel wears down over time, 

the increasing exposure of the brass cone will make it easy for the operator to track the amount of abrasion. 

This allows for real-time monitoring of the panelôs condition throughout its service life. By periodically 

checking the diameter of the visible brass cone, the operator can assess when the panel is approaching critical 

wear levels, enabling timely maintenance or replacement before structural integrity is compromised. This 

system not only simplifies the monitoring process but also enhances the overall safety and reliability of the 

panel in long-term applications. 
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Figure 3.1: Schematic view and dimension of precast and prestressed overlay panels. 
 

3.4 Fabrication 

Panels shall be fabricated either at a certified precast/prestressing facility or within a temporary facility 

located on-site or near the construction site, depending on logistical considerations and project demands. 

Regardless of the fabrication location, the cornerstone of a successful manufacturing operation is the imple-

mentation of strict quality control protocols. These measures must be enforced consistently to ensure that 

every panel meets the required standards for performance and durability. Comprehensive inspections should 

be conducted at each critical stage of the fabrication process, including material selection, batching, pouring, 

curing, and finishing. These inspections are essential not only to verify that the panels and their inserts con-

form to all material specifications, but also to ensure that dimensional tolerances and structural requirements 

are strictly adhered to. Any deviations from the design specifications must be addressed immediately to pre-

vent issues during installation or service. By maintaining high standards of quality control, the manufacturing 

process will produce panels that are reliable, durable, and capable of withstanding the demands of their in-

tended application, thus ensuring the overall success and longevity of the project. 

3.5 Lifting and Installation 

Lifting devices are embedded along each longitudinal edge of the panels, with a minimum of two devices 

per edge, to facilitate safe and efficient lifting by machinery or cranes both at the fabrication plant and the 

construction site. These devices are crucial for ensuring that the panels can be handled properly during 

transport and installation. A heavy-duty forklift will be employed to install the panels on-site. Before panel 

installation, the devices will be trimmed from the surface to achieve a smooth, clean finish. Since the cut 
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ends of the lifting devices may be vulnerable to corrosion or chemical attack, particularly in environments 

with exposure to leachate, they will be concealed using a sealant applied between the panels to prevent any 

degradation over time. 

Each panel is designed with four designated lifting points located along its edges, which are pre-deter-

mined to ensure safe lifting without cracking the concrete. However, the position of these lifting devices can 

be modified, and their new locations must be carefully selected with a thorough understanding of the specific 

loads and stresses that the panel will experience during tilting or lifting operations. Proper planning and 

engineering judgment must be exercised to ensure that any adjustments to the lifting points do not compro-

mise safety or structural performance during the lifting process. By taking these factors into account, the 

integrity of the panels can be maintained throughout the handling and installation process. 

3.6 Connectivity 

The connectivity of concrete overlay panels is a critical factor in maintaining the structural integrity and 

extending the service life of the flooring system. Ensuring proper connectivity between the overlay panels 

allows for the even distribution of loads across the surface, which helps to prevent localized stress concen-

trations that could lead to cracking or premature failure. This connectivity not only improves the overall 

structural performance but also enhances durability under repeated loads. Dowels are commonly used to 

achieve effective connectivity between panels, as they help to transfer loads across panel joints, ensuring that 

the panels work together as a unified system. The use of dowels minimizes differential movement between 

adjacent panels and reduces the likelihood of joint deterioration over time. Table 3.1 below outlines the 

specific guidelines for dowel placement and sizing as per ACI 360 [47]. 

 

Table 3.1: Dowel size and spacing 

Slab depth 

(in.) 

Dowel dimensions (in.) Dowel spacing center-to center (in.) 

Round Square Rectangular Round Square Rectangular 

5 to 6 3/4 x 14 3/4 x 14 3/8 x 2 x 12 12 14 19 

7 to 8 1 x 16 1 x 16 1/2 x 2-1/2 x 12 12 14 18 

9 to 11 1-1/4 x 18 1-1/4 x 18 3/4 x 2-1/2 x 12 12 12 18 
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3.7 Procedures 

A. Surface treatment 

The surface treatment of the existing slab depends on the level of deterioration observed. For precast and 

prestressed concrete overlay panels, it would be crucial that all compromised sections are fully removed to 

provide adequate support for the new panels. Any weak areas left untreated could lead to uneven load distri-

bution or induce demands on the panels for which they are not intended to carry. In cases where the structural 

slab surface is too uneven, additional leveling work can be required. This may involve filling low areas or 

grinding down high spots to create a smooth and uniform surface, which is essential for proper panel instal-

lation. Ensuring that the new panels are placed on a stable surface will contribute to the overall durability 

and longevity of the flooring system, preventing issues such as panel movement, cracking, or failure under 

load. Proper preparation of the underlying slab is therefore a critical step in ensuring the success of the 

overlay installation. 

B. Membrane 

The use of a membrane between the existing slab and the new overlay panels serves as a critical preventive 

measure. This membrane provides an essential barrier to protect the existing slab from future deterioration 

caused by leachate. Additionally, the membrane acts as an effective barrier to prevent potential crack propa-

gation from the existing slab into the new overlay, further enhancing the durability of the flooring system. 

Another key advantage of installing a membrane is that it facilitates easier maintenance and replacement in 

the future. Since the overlay panels are not directly bonded to the structural floor, repairs or replacements 

can be performed more efficiently, reducing downtime and the need for extensive demolition. By including 

a membrane in the installation process, both the longevity of the overlay and the protection of the underlying 

slab are significantly improved, contributing to the overall performance of the flooring system in WTSs. 

C. Installation and levelling of overlay panels. 

The precast overlay panels are placed on the pretreated existing base. Each panel shall be carefully posi-

tioned and leveled. Grade control is one of the essential parts of this process. Grade can be adjusted by adding 

or removing base material beneath the panels. Two distinct grade control systems are shown in Figure 3.2 

and 3.3, and it is crucial that the details of these systems are incorporated into the design [49]. 
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Figure 3.2: Foam injection leveling system. 

 

Figure 3.3: leveling bolt system. 



34 

D. Joint 

Once all panels are positioned, the spaces between new overlays and between overlays and existing struc-

tures shall be filled with an appropriate joint filler or grout to maintain structural continuity and block the 

water penetration. If necessary, the joints are then sealed with a sealant to provide enhancement of water-

proofing.  

The joint is the most vulnerable part of the WTS floor. Due to camber or deflection caused by heavy 

equipment operating on the panels, the joint is prone to physical damage. Additionally, the friction and phys-

ical impact generated as the heavy equipment collects wastes can lead to cracking of the joint. These cracks 

can propagate throughout the entire panel. In some cases, such as parking lots or bridges, steel-armored joints 

or joint covers are used to protect the joint; however, they are not suitable for the WTS environment exposed 

to organic acid. Therefore, this study proposes adding a rounded edge panel detail to the panel design and 

recommends the use of a wider joint. A wider joint allows for improved tolerance, greater flexibility in ad-

justing and aligning slabs, and helps prevent damage to the panels due to camber or deflection with the 

rounded edge. A simple schematic of this concept can be found in Figure 3.4. 

 

 

 

 

 

 

Figure 3.4: Schematic of joint design concept. 
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3.8 Panel design 

The concrete overlay panels are designed to be placed directly on top of the structural floor, with the 

structural analysis for the panel design accounting for the limits in tension, compression, and moment during 

lifting and transportation. This analysis is conducted in accordance with the guidelines outlined in the PCI 

Design Handbook (eighth edition) and ACI 318-19 [48], ensuring that the panels meet the necessary struc-

tural performance criteria. Detailed methods of analysis and design calculation examples are provided in 

section 3.9. 

From a durability standpoint, larger panels are generally preferred. As the size of the panels increases, the 

number of joints (typically the most structurally vulnerable part of the system) decreases, enhancing overall 

structural integrity. However, smaller panels can be more cost-effective as they require fewer prestressing 

strands and can be easier to handle. Therefore, the optimal panel size should be determined based on site 

conditions, balancing considerations of durability, ease of construction, and cost-efficiency. 

Table 3.2 below provides potential panel dimensions and strand spacing for various slab thicknesses, of-

fering a guide to panel sizing based on structural needs. The practical dimensions for panel thickness, length, 

and width have been developed in consultation with facility operators and engineers to ensure that the panels 

meet operational requirements and are feasible for installation. 

 

Table 3.2: The list of panel dimensions and strand arrangements. 

Thickness (in.) Length (ft.) Width (ft.) Strand spacing (in.) 

6.0 14 7 12 

6.5 14 7 12 

7.0 16 8 10 

7.5 16 8 10 

8.0 16 8 10 

* These options utilize 0.5-inch low-relaxation seven-wire prestressed strands (Grade 270) along with No.3 steel 

reinforcement bars. The strands are evenly distributed longitudinally at the mid-height of the slab thickness, while 

the reinforcing bars are situated directly below the strands in the transverse direction. 
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3.9 Design Methods and examples of Precast and Prestressed Con-

crete Overlay 

Design example 

A. Panel dimension and strand spacing (Figure 3.5 shows schematic view of slab.) 

1. Thickness : 6 in. 

2. Length : 12 ft. 

3. Width : 6 ft. 

4. Strand spacing : 12 in. 

5. Steel reinforcement bar spacing : 12 in. 

 
Figure 3.5: Schematic view of the precast and prestressed slab 

 

B. Material properties 

1. Concrete 

fôc = 1.6 ksi (Concrete 1-day compressive strength) 

Ec = 2600 ksi (modulus of elasticity of concrete) 

Wc = 155 pcf (unit weight of concrete) 

Ůôc = 0.00203 (concrete strain) 
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2. Strand (0.5 inch low relaxation seven-wire prestressed strands (Grade 270)) 

fpu = 270 ksi (ultimate strength of prestressing steel) 

Eps = 29000 ksi (modulus of elasticity of prestressed reinforcement) 

ȹŮp = 6.517Ĭ10-3 in/in 

Aps = 0.153 in.
2 (area of prestressed reinforcement) 

Fps = 28.917 kips (stress in prestressed reinforcement at nominal strength of member) 

Wps = 0.530 plf (unit weight of prestressed reinforcement)  

 

3. Steel reinforcement bar (No.3 steel reinforcement bar) 

Ws = 0.376 plf (unit weight of steel reinforcement) 

As = 0.110 in.
2 (area of steel reinforcement) 

Es = 29000 ksi (modulus of elasticity of steel reinforcement) 

 

 

High strength concrete was applied in the structural analysis, exhibiting a compressive strength of 10 ksi 

at 28 days. Given that precast concrete is commonly stripped and transported to the site after a single day 

curing, and considering that the compressive strength at 1 day is 16% of that at 28 days, the specified com-

pressive strength for this analysis is determined to be 1.6 ksi. 

The structural calculation of the entire slab was partitioned into sections, each with a single beam contain-

ing a prestressed strand. The lifting points of the slab were supposed to be at the four corners of the slab, and 

for each single beam segment, they were assumed to be simply supported. Additionally, the analysis includes 

considerations for bending moment, compression in the top fiber, and tension in the bottom fiber. The de-

velopment of the strand was taken into account. 
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C. Structural Analysis 

1. Strand development 

In a pretensioned member, the prestress force is transferred to the concrete by bond. The length 

required to accomplish this transfer is called ñtransfer lengthò (PCI Design Handbook).  

 

ǐ = 0.7 

Ὢ ǐÆ ρψω ὯίὭ 

Ὠ  0.5 in. (nominal diameter of prestressing strand) 

4ÒÁÎÓÆÅÒ ÌÅÎÇÔÈὨ  31.5 in. or 2.625 ft. 

 

The 9 points shown in Figure 3.6 are as follows: 

(1) 0 ft.; (2) 0.328 ft.; (3) 0.656 ft.; (4) 0.984 ft. 

(5) 1.313 ft.; (6) 1.641 ft.; (7) 1.969 ft.; (8) 2.297 ft.; (9) 2.625 ft. 

 

 
Figure 3.6: Development length of strand and points for the structural analysis. 
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2. Bending moment check 

1) Longitudinal direction (at mid span) 

A sufficient number of points, including nine within the transfer length, were se-

lected for the bending moment check, extending to points at mid-span, to conduct a 

detailed local structural analysis. This is the structural analysis at mid span for example. 

Figure 3.7 describes the single beam segment in longitudinal direction for analysis.  

 
Figure 3.7: Schematic view of the precast and prestressed slab with single beam segment in longitudinal 

direction. 

 

- Given information as a single beam with a prestressed reinforcement. 

b = 12 in. 

h = 6 in. 

N = 0 

M = 0 

It is assumed that there is no externally applied force. 

 

- Calculated values based on the given information and material properties.  

ὲ
Ὁ

Ὁ
ρρȢρυτ 

Ὅ ςρφ ὭὲȢ4 

ώ
Ὤ

ς
σ ὭὲȢ 

ybg = 3 ὭὲȢ  (distance from the centroid of gross section to the bottom) 

ybs = 3 ὭὲȢ  (distance from the center of prestressing strand to the bottom)
 

ὃ ὦὨ χς ὭὲȢ2 
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- Cracking Moment Calculation.  

Determine the area of transformed cross section. 

ὃ ὃ ὲ ρὃ χσȢυυτ ὭὲȢ2 

ώ σ  ὭὲȢ  

(distance from the centroid of transformed section to the bottom) 

 

Determine transformed moment of inertia. 

Ὅ ςρφ ὭὲȢ4  

Ὅ Ὅ ὃ ώ ώ ὲ ρὃ ώ ώ ςρφ ὭὲȢ4 

 

Determine strain at the centroid of the transformed cross section. 

ὔ  ὃ Ὁ ῳ‐  ςψȢωρχ ὯὭὴί  

(the long-term effects, shrinkage or other strains are not considered) 

‐  πȢπππρυ (constant in the elastic range) 

 

Calculate the cracking moment. 

Ὢ  ‐ Ὁ  σωσ ὴίὭ  

(compressive stress at the centroid due to prestressing strand) 

Ὢ τὪᴂ ρφπ ὴίὭ (cracking stress of the concrete) 

„ Ὢ Ὢ  υυσ ὴίὭ 

ῳὓ  39.8 kip-in. 

ὓ  ὔ ώ ώ  0 kip-in.  

ὓ ÓÉÎÇÌÅ ÂÅÁÍὓ ῳὓ  39.8 kip-in.  

ὲ
ὡὭὨὸὬὪὸȢ ρς

ὝὩὲὨέὲ ίὴὥὧὭὲὫὭὲȢ
φ ὲόάὦὩὶ έὪ ὧὥὰὧόὰὥὸὩὨ ὦὩὥά Ὥὲ ὸὬὩ ίὰὥὦ 

#ÒÁÃËÉÎÇ -ÏÍÅÎÔ ×ÈÏÌÅ ÓÌÁÂ ὓ ὲ  238.9 kip-in.  
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- Self-weight moment (at mid span of slab) 

Wc = 463.02 plf (considering the space of strand) 

Wps = 0.530 plf 

W = Wc + Wps = 463.55 plf 

ὓ  100.1 kip-in. 

Self-weight Moment (safety factor =1.5) = 150.19 kip-in. (whole slab) 

 

238.9 kip-in. (Cracking Moment) > 150.2 kip-in. (Self-weight Moment)      OK 

 

The PCI Design Handbook (eight edition) recommends a safety factor of 1.5 for strip-

ping and handling; however, alternative values may be chosen at the discretion of the 

designer. 
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2) Transverse direction (at mid span) 

The bending moment check in the transverse direction also follows the same princi-

ple. This structural analysis at mid-span serves as an example as well. Figure 3.8 de-

scribes the single beam segment in transverse direction for analysis. 

 
Figure 3.8: Schematic view of the precast and prestressed slab with single beam segment in transverse direc-

tion. 

 

- Given information as a single beam with a prestressed reinforcement. 

b = 12 in. 

h = 6 in. 

N = 0 

M = 0 

It is assumed that there is no externally applied force. 

 

- Calculated values based on the given information and material properties.  

ὲ
Ὁ

Ὁ
ρρȢρυτ 

Ὅ ςρφ ὭὲȢ4 

ώ
Ὤ

ς
σ ὭὲȢ 

ybg = 3 ὭὲȢ 

ώᴂ ώ πȢςυ ὶὥὨὭόί έὪ ὸὩὲὨέὲπȢσχυ ὨὭὥάὩὸὩὶ έὪ ίὸὩὩὰ ὶὩὦὥὶ = 2.56 ὭὲȢ 

ὃ ὦὨ χς ὭὲȢ2 
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- Cracking Moment Calculation.  

ὃ ὃ ὲ ρὃ χσȢυυ ὭὲȢ2 

ώ
ὃ ώ ὲ ρὃώᴂ

ὃ
σ  ὭὲȢ 

 

Ὅ ςρφ ὭὲȢ4  

Ὅ Ὅ ὃ ώ ώ ςρφ ὭὲȢ4 

 

ὔ  π ὯὭὴί  

Ὢ τὪᴂ ρφπ ὴίὭ 

„ Ὢ = 160 psi 

ὓ ÓÉÎÇÌÅ ÂÅÁÍ  11.6 kip-in. 

ὲ
ὒὩὲὫὸὬὪὸȢ ρς

ὝὩὲὨέὲ ίὴὥὧὭὲὫὭὲȢ
ρς ὲόάὦὩὶ έὪ ὧὥὰὧόὰὥὸὩὨ ὦὩὥά Ὥὲ ὸὬὩ ίὰὥὦ 

#ÒÁÃËÉÎÇ -ÏÍÅÎÔ ×ÈÏÌÅ ÓÌÁÂ ὓ ὲ  138.7 kip-in.  

 

- Self-weight moment (at mid span of slab) 

Wc = 463.58 plf (considering the space of strand) 

Ws = 0.11 plf 

W = Wc + Ws = 463.69 plf 

ὓ  25.0 kip-in. 

Self-weight Moment (safety factor =1.5) = 37.6 kip-in. (whole slab) 

 

138.7 kip-in. (Cracking Moment) > 37.6 kip-in. (Self-weight Moment)      OK 
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3. Compression and tension 

1) Longitudinal direction (at mid span) 

- Given information as a single beam with a prestressed reinforcement. 

b = 12 in. 

h = 6 in. 

N = 0 

M = 0 

Ll (length of the single beam) = 12 in. 

P = Fps = 28.92 kips  

e = 0 

ὃ ὃ χς ὭὲȢ2 

 

- Calculated values based on the given information and material properties.  

Ὓ
Ὅ

ώ
χς ὭὲȢ 

Ὓ
Ὅ

Ὤ ώ
χς ὭὲȢ 

ὓ  25.1 kip-in. 

Msw is the self-weight moment at the mid span of a single beam, considering the 

safety factor of 1.5. 

 

- Compression in top fiber 

„
ὖ

ὃ

ὖὩ

Ὓ

ὓ

Ὓ
πȢχυπ ὯίὭ ὧέάὴὶὩίίὭέὲ 

„ πȢφὪ πȢωφπ ὯίὭ ὧέάὴὶὩίίὭέὲ 

ἴἱἵἱἼἼἷἸ         Ἓἕ 

 

- Tension in bottom fiber 

„
ὖ

ὃ

ὖὩ

Ὓ

ὓ

Ὓ
πȢπυσ ὯίὭ ὧέάὴὶὩίίὭέὲ 

„ σὪ πȢρςπ ὯίὭ ὸὩὲίὭέὲ 

ἴἱἵἱἼἪἷἼἼἷἵ         Ἓἕ 

 

Table 3.3 shows stress and moment at each structural point. (longitudinal direction) 
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Table 3.3: The stress in the top and bottom fiber corresponding to the structural points  

(Longitudinal direction). 

 

 

2) Transverse direction (at mid span) 

- Given information as a single beam with a prestressed reinforcement. 

b = 12 in. 

h = 6 in. 

N = 0 

M = 0 

Lt (Length of the single beam) = 6 in. 

 

- Calculated values based on the given information and material properties.  

Ὓ
Ὅ

ώ
χς ὭὲȢ 

Ὓ
Ὅ

Ὤ ώ
χς ὭὲȢ 

ὓ  6.28 kip-in. 

Msw is the self-weight moment at the mid span of a single beam, considering the 

safety factor of 1.5. 

 

 

 

 

Mcr Msw

(Cracking moment) (self weight moment) Top fiber Bottom fiber

(ft) (ksi) (kip-in) (kip-in) (ksi) (ksi)

0.000 0.00 11.52 0.00 0.000 0.000

0.328 3.61 15.06 2.67 -0.087 -0.013

0.656 7.23 18.60 5.19 -0.172 -0.028

0.984 10.84 22.13 7.56 -0.256 -0.046

1.313 14.46 25.67 9.79 -0.337 -0.065

1.641 18.07 29.21 11.86 -0.416 -0.086

1.969 21.69 32.75 13.78 -0.493 -0.110

2.297 25.30 36.29 15.55 -0.567 -0.136

2.625 28.92 39.83 17.17 -0.640 -0.163

3.000 28.92 39.83 18.83 -0.663 -0.140

4.000 28.92 39.83 22.32 -0.712 -0.092

5.000 28.92 39.83 24.41 -0.741 -0.063

6.000 28.92 39.83 25.11 -0.750 -0.053

Stress at transfer
Fps at transferLocation 
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- Compression in top fiber 

„
ὓ

Ὓ
πȢππχ ὯίὭ ὧέάὴὶὩίίὭέὲ 

„ πȢφὪ πȢωφ ὯίὭ ὧέάὴὶὩίίὭέὲ 

ἴἱἵἱἼἼἷἸ         Ἓἕ 

 

- Tension in bottom fiber 

„
ὓ

Ὓ
πȢππχ ὯίὭ ὸὩὲίὭέὲ 

„ σὪ πȢρς ὯίὭ ὸὩὲίὭέὲ 

ἴἱἵἱἼἪἷἼἼἷἵ         Ἓἕ 

 

Table 3.4 shows stress and moment at each structural point. (transverse direction) 

Figure 3.9 and 3.10 illustrate structural analysis of moment, compression and tension 

with limits in graph. 

 

Table 3.4: The stress in the top and bottom fiber corresponding to the structural points  

(transverse direction). 

 

 

Mcr Msw

(Cracking moment) (self weight moment) Top fiber Bottom fiber

(ft) (kip-in) (kip-in) (ksi) (ksi)

0.000 11.56 0.00 0.000 0.000

0.328 11.56 1.30 -0.002 0.002

0.656 11.56 2.45 -0.003 0.003

0.984 11.56 3.44 -0.004 0.004

1.313 11.56 4.29 -0.005 0.005

1.641 11.56 4.99 -0.006 0.006

1.969 11.56 5.54 -0.006 0.006

2.297 11.56 5.93 -0.007 0.007

2.625 11.56 6.18 -0.007 0.007

3.000 11.56 6.28 -0.007 0.007

Stress at transfer
Location 
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(a)  (b)  

Figure 3.9: Structural analysis in longitudinal direction: (a) bending moment and (b) Compression and 

tension in top and bottom fiber. 

 

 

 

(a) (b) 

Figure 3.10: Structural analysis in transverse direction: (a) bending moment and (b) Compression and 

tension in top and bottom fiber. 
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Table 3.5 represents the maximum length and width of structurally feasible slabs for various thicknesses, 

with a fixed length-to-width ratio of 2:1. For panels of the same size, options highlighted in bold font, indi-

cating fewer strand counts, are suggested as they are more economical. The loading cases discussed above 

are the only ones considered. Figure 3.11 and 3.12 show the details of slab using AutoCAD drawing. 

 

Table 3.5: The list of panel dimensions and strand spacing. 

Thickness (in.) Length (ft.) Width (ft.) Strand spacing (in.) 

6.0 12 6 18 

6.0 12 6 16 

6.0 12 6 14 

6.0 14 7 12 

6.0 14 7 10 

6.0 12 6 8 

6.5 12 6 18 

6.5 12 6 16 

6.5 12 6 14 

6.5 14 7 12 

6.5 14 7 10 

6.5 12 6 8 

7.0 12 6 18 

7.0 12 6 16 

7.0 14 7 14 

7.0 14 7 12 

7.0 16 8 10 

7.0 14 7 8 

7.5 12 6 18 

7.5 12 6 16 

7.5 14 7 14 

7.5 14 7 12 

7.5 16 8 10 

7.5 14 7 8 

8.0 12 6 18 

8.0 12 6 16 

8.0 14 7 14 

8.0 14 7 12 

8.0 16 8 10 

8.0 14 7 8 

* the bolded options are the suitable panel dimension and strand spacing with each panel thickness 

* These options utilize 0.5-inch low-relaxation seven-wire prestressed strands (Grade 270) along with No.3 steel reinforcement 

bars. The strands are evenly distributed longitudinally at the midpoint of the slab thickness, while the reinforcing bar are situated 

directly below the strands in the transverse direction. 
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Figure 3.11: Drawing with slab details 1. 
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Figure 3.12: Drawing with slab details 2. 
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Chapter 4.  

 

Evaluation of Soy Methyl Ester on Bridge Deck Con-

crete as a Sealant or an Admixture  

 

4.1 Introduction 

Significant materials and labor costs are required for the repair or reconstruction of concrete structures, 

and they also come with social inconveniences by facility downtime. So, it is essential to control the deteri-

oration of concrete. The deterioration of concrete is mainly caused by the transport of fluids in the pores of 

the concrete. For example, moisture penetrated into the concrete causes the freeze-thaw damage itself, and 

chloride ions penetrate through the water ingress, and it can cause reinforcement corrosion. Therefore, less 

penetration of moisture or harmful ions effectively prevents damage to concrete structures and maintains 

durability over the long term. Many methods designed for this purpose include improving concrete mixture 

proportions and surface treatment such as coatings or sealers [50-64].   

In terms of sustainability, the demand for eco-friendly materials is also focused. Carbon dioxide emissions 

are a major concern in concrete production, as it is the most widely used construction material, with annual 

concrete consumption averaging around 1 ton of CO2 per person [65-68] and it led to extensive research on 

recycling agricultural and industrial by-products as environmentally friendly construction materials [69-72]. 

Soybean Methyl Ester (SME) is one of the materials with effort. SME is derived from soybean oil and has 

eco-friendly properties such as being non-toxic, biodegradable, and renewable. Based on the patented tech-

nology (US8378132B2), soy methyl ester (SME) is synthesized by mixing soybean oil with an alcohol (e.g., 

methanol) and an alkaline catalyst (e.g., NaOH) [73]. In this transesterification reaction, one molecule of 

triglyceride derived from soybean oil reacts with three molecules of methanol to yield three molecules of 

methyl ester and one molecule of glycerin. This process represents the conversion of soybean oil into SME, 

a type of fatty acid methyl ester (FAME). Through this esterification, SME acquires unique properties, such 

as high solvent capacity and enhanced penetration depth into concrete, which are not present in its original 

soybean oil [22].  

Many studies have been conducted to evaluate the potential of soy methyl ester (SME) to enhance the 

durability of concrete when used as a surface sealer or an admixture. Coates et al. [23] demonstrated SME 

obtain an altered surface tension, and improved viscosity after the esterification. These properties have shown 
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that SME is effective in reducing moisture absorption and chloride penetration when used as a surface sealer 

for concrete. Moreover, SME is hydrophobic and, when admixed into concrete, has the potential to repel 

water or reduce fluid transport. In accordance with the findings reported in the research [74], SME can pro-

vide a physical barrier between the slat solution and calcium hydroxide thereby limiting reaction or limit 

CaCl2 penetration into the mortar sample. Coates et al. [22] found that concrete samples could be fully satu-

rated with SME. Golias et al. [26] emphasized that, due to the hydrophobic nature of SME, its penetration 

depth decreases as the relative humidity (RH) of the concrete increases. 

Furthermore, the high solvent capacity of SME allows it to be mixed with polystyrene to form a soybean 

methyl ester-polystyrene (SME-PS) blend. This blend exhibits favorable properties for enhancing the mois-

ture resistance of concrete and has also been utilized in studies as either a mixture or coating. It has been 

found that the dissolved PS molecules also act as ñblocking agentsò [25] and the incorporation of PS allows 

for the adjustment of the viscosity of the SME-PS blend, which in turn enables control over its penetration 

rate [22]. In addition, it has been reported that the presence of PS affects the ability of the sealer to penetrate 

the concrete. As the molecular weight of PS increases, the penetration depth of the sealer decreases [26], and 

concrete with SME-PS is effective in reducing moisture ingress into the microstructure and enhancing freeze-

thaw durability [75].  

Given its ability to improve penetration resistance, applying SME to bridge decks can be considered one 

of the reasonable approaches and evaluation of its performance on bridge decks is part of broadening the 

potential application of SME. However, since SME is oil-based, its topical application may initially cause 

reduced surface friction. Adequate skid resistance is especially important in preventing accidents. Therefore, 

when applied to existing bridge decks for reinforcement or repair purposes, skid resistance is a key factor in 

evaluating the usability of materials applied to bridge decks. Additionally, minimizing downtime after the 

construction of bridge decks and allowing for the rapid resumption of operations are also important consid-

erations. Rapid reactivation reduces the economic and social costs associated with closures, such as traffic 

disruptions and loss of accessibility. 

Accordingly, the use of SME either as a surface sealer or as an admixture can improve the durability of 

bride deck concrete. Furthermore, its biodegradable and non-toxic nature contributes to the development of 

ñenvironmentally friendlyò concrete. However, long-term experimental studies verifying the performance of 

SME remain limited and no research specifically evaluates the skid resistance of concrete treated with SME, 

making this study a valuable contribution to the field.  
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Therefore, this study aims to thoroughly verify the practicality of SME through long-term chloride ion 

penetration tests after applying the SME to concrete using both topical application and admixed methods and 

evaluated the skid resistance of SME-treated concrete over different wait times after SME application. To 

evaluate the effect of SME topical application on the skid resistance of concrete, concrete panel specimens 

were fabricated and treated with SME on the surface. Due to the properties of SME, a initial reduction in 

surface friction occurs prior to drying; therefore, a range of waiting or drying times from 0 to 17 hours was 

designated after application. Skid resistance tests were conducted in accordance with ASTM E303, and per-

formance was evaluated depending on the waiting time. In addition, the effectiveness of blotting sand as a 

method to minimize the required waiting time was investigated. Two types of sand (silica sand and concrete 

sand) were included in this evaluation. Neutron radiography was employed to evaluate the penetration depth 

of SME into concrete and its effectiveness in mitigating chloride ingress as a penetrating sealer. To assess 

the long-term resistance of SME-treated concrete to chloride ion penetration, concrete beam specimens were 

prepared with both upper and lower reinforcing bars embedded. A 3% NaCl solution was ponded on the 

upper surface of the specimens to simulate long-term chloride exposure, and Wet-dry cycle was employed 

to accelerate chloride ingress. During the test period, macro-cell corrosion current and half-cell potential 

were monitored, following ASTM G109 and ASTM C876, respectively. 

The research will provide valuable data for practical use in the industry, offering important insights to 

operators seeking to enhance the durability and sustainability of concrete structures. Ultimately, SME has 

the potential to establish itself as a sustainable alternative that not only improves the durability of concrete 

but also reduces the environmental impact of construction materials. 
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4.2 Materials 

4.2.1 Skid resistance 

The concrete specimens for each experiment were made with bridge deck concrete mixture given in Table 

4.1. After casting, a curing procedure was followed. The procedure consisted of sealed-curing the specimens 

for 48 hours and then submerging the specimens in water for seven days. The specimens were demolded and 

left in controlled humidity (50% relative humidity) and temperature room to continue to cure for an additional 

seven days. Lastly, the slabs were dried in an oven at 70 ÁC for 48 hours. 

To investigate the effect of SME application and the blotting sand on the surface of the concrete slab, a 

test plan was implemented. The test plan consisted of exposing the concrete slab surface to three conditions 

and taking a skid resistance measurement. The three surface conditions were dry condition (No SME and 

blotting sand is applied), SME condition (SME dosage is applied) and lastly SME and sand condition (the 

conditioned SME surface is applied sand). Figure 4.1 shows the different conditions the concrete slab skid 

resistance is tested at. 

The SME dosage applied to the surface of the concrete slab was 0.005 oz per sq. inch. The SME dosage 

was spray coated on to the concrete surface of the slab. For the sand dosage, the dosage was supposed to be 

10 lb. per sq. yard (approximately 4 lb.) and this value was taken from section 818 of the NCDOT document 

titled ñStandards and Specification for Roads and Structuresò from 2012 [76]. However, the sand dosage was 

determined to be excessive after an initial test. Therefore, the sand dosage for this study was lowered to half 

of the sand dosage given by NCDOT. The sand was applied to the surface of the concrete slab through the 

use of a drop spreader. The type of sand used for the blotting sand was a graded silica sand (No. 30 and No. 

100). The use of silica sand due to their homogenous shape distribution (spherical). All sand dosages were 

oven dried prior to coating the slab. 

   
(a) (b) (c) 

Figure 4.1: Three different condition the skid resistance is tested on the concrete slab (a) Dry condi-

tion (b) SME applied condition (c) SME and sand applied condition 
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4.2.2 Corrosion resistance 

Four different sets of specimens were categorized to evaluate the resistance to chloride ion penetration: (i) 

control specimens (no treatment); (ii) topical application as a sealant; (iii) intermixed application as an ad-

mixture; and (iv) both topical and intermixed application. Three samples were prepared for each set. 

11x4.5x8 in. concrete beam specimens were fabricated with the upper (anode) and lower rebars (cathode). 

A 3x6x2 in. pond was excavated to hold seawater so that the upper rebar was placed 0.75 inches from the 

dam (0.75 inches of cover). This robust ponding, instead of plastic ponding, provided a stable system for 

long-term exposure and monitoring. For intermixed application, 2.5% SME by weight of cement was mixed 

as an admixture. For topical application, SME was applied to the top surface of specimen, including the 

inside of pond, at the recommended rate of 130 ft2 per gallon using a painting brush. Figure 4.2 describes the 

concrete specimens before coating with epoxy and schematic view of the beam. 

 
 

(a) (b) 

Figure 4.2: Concrete sample (a) After curing; and (b) Side view. 

Table 4.1 includes the mixture proportions of the concrete samples, which were identical for all four sets. 

The mixtures simulate the typical bridge deck mixture. The concrete specimens were cast, demolded after 

48 hours, and sealed-cured for 28 days. After sealed curing, the specimens were stored for initial drying 

conditions in a room with 50% relative humidity at 72ÁF for an additional two weeks. After the drying pro-

cess, four faces of the specimens, except for the top and bottom, were coated with epoxy sealant to allow the 

ingress of salt water and oxygen through the two uncoated sides. The rebars were sandblasted, and the ends 

were covered with electroplating tape, epoxy, and ASTM heat-shrink tubing. One end of each rebar was 

drilled and threaded to enable a stable electric connection during measurement. 
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Table 4.1: Mixture proportion of concrete sample. 

Ingredients 
SME waiting time 

(Skid resistance test) 

SME + blotting sand 

(Skid resistance test) 

Corrosion 

measurement 

Cement (Type I) (lb/yd3) 650 801 658 

Coarse Aggregate  (lb/yd3) 1800 1661 1683 

Sand  (lb/yd3) 1156 1229 1215 

Water  (lb/yd3) 261 328 272 

Air entraining agent (oz) 11 - 2 

Water reducer (oz) 9 - 39 

 

4.3 Methods 

4.3.1 Skid resistance test 

The skid resistance measurements were performed according to ASTM E303 (Standard Test Method for 

Measuring Surface Frictional Properties Using the British Pendulum Tester). Figure 4.3 shows a photograph 

of the test apparatus and setup. The skid resistance measurements were taken with a British Pendulum tester. 

The device reports a British pendulum number, which is based on energy loss. For each concrete slab, mul-

tiple measurements were taken at different locations. The results from these measurements were averaged 

and utilized in the analysis to represent the overall skid resistance performance of each slab condition. 

 

 
Figure 4.3: Photograph of skid resistance test setup. 
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4.3.2 Penetration depth monitoring 

 The neutron radiography was used to evaluate the penetration of SME into concrete and the effectiveness 

of SME in hindering penetration of saltwater into concrete, as a penetrating sealant. Neutron imaging was 

used in this experiment since both SME and water are hydrogenous materials and are clearly visible with 

neutron imaging. SME density is not significantly different from water and detecting with X-ray imaging 

proved to be challenging because of the low contrast. For this experiment, the concrete cylinders that were 

cast in the field were used. Disks with dimensions of 4 x 4 x İ inches were cut from the upper (top) portion 

of the cylinders preserving the finished surface of concrete where SME would be applied. The thickness of 

the disk was decided after several trial experiments so that maximum sample thickness can be preserved 

without compromising the image quality. After several trials İ inch thickness was determined to be the 

optimal thickness.  

 After cutting the disks, they were dried in an oven at 120 ÁF for 24 hours and then were wrapped with a 

layer of thin aluminum tape; aluminum is transparent to neutrons (i.e., has a small neutron cross-section) and 

does not affect the image quality. The specimens were then placed on an aluminum rack (designed for the 

experiment) to place the samples in front of the neutron beam at the Neutron Imaging Center at NC State 

University. Figure 4.4 shows photographs of the specimens during preparation and in the neutron imaging 

rack. The imaging was performed using 7 minutes and 30 seconds of exposure time (after performing sepa-

rate trials) to obtain the best image quality.  

  

(a)  (b)  

Figure 4.4: Sample preparation: (a) disk samples from cylinder (b) Samples for neutron imaging in an 

aluminum rack. 
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4.3.3 Macro-cell current 

All specimens are subjected to Wet-Dry cycles of salt solution every month. The specimens are ponded 

for 14 days with 3% NaCl solution (13.5 oz) and keep the specimen in dry condition for 14 days after 

vacuuming off the solution. Wet-Dry cycles accelerate the ingress of chloride ions and oxygen. Macro-cell 

current was performed according to ASTM G109 [77]. The upper and lower rebar were connected across 

the 10 Ý resistor to form a circuit and corrosion of rebar was quantitatively monitored by measuring the 

current based on potential difference between the upper and lower rebars. Instead of using a multimeter, 

the automated programmable potential measurement device was utilized for continuous monitoring of 

specimens. The macro-cell current measurement device is shown in Figure 4.5 (a). Voltage (Vj) between 

two bars was measured every hour and current (Ij) was auto calculated by the device as:  

Ὅ ὠȾρπ               ς 

Total corrosion or current density of the rebar in coulomb was also calculated by:  

ὅὈ ὅὈ ὸ ὸ
Ὅ Ὅ

ς
               σ 

where: CD = total corrosion (coulombs), tj = time (seconds) at which measurement of the macro-cell 

current is carried out, and Ij = macro-cell current (amps) at time, tj. 
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4.3.4 Half-cell potential 

The half-cell potential was performed according to ASTM C876 [78]. The measurements were also con-

ducted in Wet-Dry cycle, the same as Macro-cell potential measurements. A copper-copper sulfate electrode 

(CSE) was used. Potential measurement was conducted between a reference electrode, that is placed in the 

pond containing the salt solution, and upper rebar. A multimeter (Fluke-289, Fluke Corporation) was used, 

and Potential was measured at the 7th day of each cycle. Due to fluctuations, data were reported when stabi-

lized within Ñ 0.2 mV. Half-potential setup is shown in Figure 4.5 (b). 

 

  

(a) (b) 

Figure 4.5: (a) The automated programmable potential measurement device; and (b) ASTM G109 

test specimen setup.  
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4.4 Result and Discussion 

4.4.1 Skid resistance test 

The skid resistance of the slabs was measured for 72 hours after the application of SME. Measurements 

were performed before the application of SME as well as after the application of SME for 72 hours in pre-

defined intervals. The SME was applied replicating the dosage used in the field. At each measurement time, 

tests were performed at three different locations on the slab and four replicated tests were performed at each 

location; that is, at each measurement time, a total of 12 tests were performed on each slab. The locations 

were equally spaced on the slab and did not overlap. Figure 4.6 shows the results of the skid resistance tests 

for slabs. The horizontal axis in the plot shows the time after the application of SME. In the plot, the red 

crossline, across all three bars, indicates an average of all 12 measurements on the slab at each time. The 

three far left bars show the measurements before SME application for which the average cross-line has been 

extended across the figure to aid visual comparison.  

The observations indicate that after 24 hours of application of SME the skid resistance of the slab ap-

proaches that of dry slab and the average skid resistance exceeds that of dry slab after 36 hours. On the other 

hand, in the initial stage, the SME presents an undried and oily surface especially during the first 6 hours. 

The skid resistance of the slab showed only about 10 percent of the performance under dry conditions. When 

applying SME to a bridge deck, it is important to reduce the waiting time after application and quickly en-

hance skid resistance. Therefore, the skid resistance of slabs applied with blotting sand was subsequently 

evaluated. 
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Figure 4.6: Skid resistance measurement for the concrete slabs after SME application. 

To examine the effect of blotting sand on the skid resistance of SME treated concrete surface, the test was 

conducted on the slabs in the dry condition (before SME application), SME coated condition, and SME and 

sand condition. A total of five concrete slabs were tested for the different types of blotting sand wait time 

parameters in the three conditions. The properties of each slab with different parameters are indicated in 

Table 4.2. The results of skid resistance measurement are shown in Figure 4.7. The results are reported as 

British Pendulum Numbers (BPN) and the higher BPN indicates the better skid resistance performance. Av-

erage values from the five measurements for each slab are evaluated. The average value is the arithmetic 

mean of the measured values from each specimen.  

Table 4.2: Specification of concrete slabs. 

 Wait time 

(hr) 
Type of sand 

Slab 1 1 Silica sand 

Slab 2 2 Silica sand 

Slab 3 6 Silica sand 

Slab 4 1 Concrete sand 

Slab 5 6 Concrete sand 
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Figure 4.7: Skid resistance measurement for the concrete slabs with different surface conditions. 

The BPN of slabs in dry condition and SME coated condition were 93 and 19.8 respectively. Three slabs 

with silica sand were tested in SME and sand condition. For slab 1 (1 hour wait time and half sand dosage), 

average value of BPN from the five measurements was 67.4. The results of Slab 2 (2 hour wait time and half 

sand dosage) and Slab 3 (6 hour wait time and half sand dosage) were 67 and 65.8, respectively. Two addi-

tional slabs were used to examine a different type of sand. The sand chosen was concrete sand (coarser sand). 

Due to the coarse concrete sand having a non-homogenous shape distribution, the skid resistance measure-

ments varied in between measurement locations. For slab 4, the average value from the five measurements 

taken in the SME and sand condition (1 hour wait time and half sand dosage) was 77.3. The average BPN of 

slab 5 (6 hour wait time and half sand dosage) was 72.6. 

Comparing the values for slabs that utilized sand, it can be determined that the mean BPN values of the 

SME and sand condition are relatively constant for the various intervals of time within 6 hours. This result 

is expected due to previous skid resistance test results done on concrete slabs coated only with SME yielding 

similar results. When comparing different types of blotting sand, the concrete sand covered slabs were able 

to obtain a higher BPN value as compared to slabs that were covered with silica sand and had the same sand 

dosage. Skid resistance in SME and sand condition with silica and concrete sand blotter were 72% and 81%, 

respectively, compared to that in dry condition. Although concrete sand does not guarantee uniform skid 
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resistance, it showed higher average skid resistance due to its coarser particles. Treating the surface with 

concrete sand as blotting sand was more beneficial than using silica sand in increasing the initial skid re-

sistance of the concrete slab after applying the SME coating. 

 

4.4.2 Penetration depth monitoring 

The depth of saltwater penetration into concrete was monitored using neutron radiography and it provides 

a time-dependent visualization of ingress. Figure 4.8 displays segmented radiographic images for four sam-

ples (Control 1, Control 2, SME 1, and SME 2) across multiple time intervals: baseline (prior to SME appli-

cation), SME coating dry for 0, 1.5, and 19 hours before saltwater exposure, and after 0, 2, 4, 5, and 24 hours 

of exposure to saltwater. In contrast, no surface treatment was applied for Control samples. Each disk sample 

had a thickness of 0.5 inches. Using the scale from the radiographic images, penetration depth can be visually 

estimated by comparing the bright regions (indicating water presence) to the full thickness of the disk. The 

SME 1 and SME 2 samples showed that as drying time increased, the SME coating penetrated into the con-

crete and formed a thicker moisture barrier. After 19 hours, no significant additional penetration of SME was 

observed, suggesting that sufficient drying time is necessary for SME to establish an effective barrier layer. 

The segmented images clearly show progressive saltwater penetration in the Control 1 and Control 2 samples, 

with ingress reaching nearly half of the 0.5-inch thickness by the 24-hour mark. This indicates that untreated 

concrete allows rapid and deep penetration of saltwater and shows a risk of chloride-induced corrosion in 

reinforced structures. In contrast, in the SME 1 and SME 2 samples, almost no penetration was observed 

even after 24 hours of exposure, and the moisture did not advance beyond the hydrophobic layer. This con-

firms that SME forms an effective waterproofing layer on the concrete surface, and it prevents moisture 

penetration from the initial stages of exposure. All the images in Figure 4.8 are also provided in the Appendix 

of this dissertation in a larger format.  
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(a) 

 

(b) 

Figure 4.8: SME and saltwater penetration in concrete sample:(a) neutron radiographs;  

and (b) segmented images separating different phases. 
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4.4.3 Macro-cell current 

 The corrosion current was measured and analyzed according to ASTM G109 [77]. The potentials of sample 

circuit between top and bottom rebar, are monitored every hour and the current densities of samples are 

calculated by the potential value. The results of macro-cell current density per time are shown in Figure 4.9. 

For samples with dual applications (topical+admixed), the current density of three specimens fluctuated be-

tween 0.0014 ɛA/cm2 and 0.0004 ɛA/cm2 at the initial stage. After 100 days of exposure cycle, the value of 

current tended to decrease below 0.0004 ɛA/cm2. For samples with topical application only, the maximum 

current density of specimens is 0.002 ɛA/cm2 and the current consistently decreased below 0.0075 ɛA/cm2 

after initial stage. For samples with admixed applications only, the fluctuation started between 0.001 and 

0.0005 ɛA/cm2 and the current density values and the width of fluctuation decreased below 0.00075 ɛA/cm2. 

The current densities of three different specimen groups with SME treatments are very minor value to be 

considered corrosion (near zero). For concrete sample with SME application regardless of methods, the cur-

rent of samples with SME did not indicate corrosion and shows same result trend. However, the result of 

control specimens shows corrosion behaviors and corrosion initiation was pointed with a significant increase 

in the current. The macro-cell current of Control 1 also maintained nearly zero current density until 400 days 

and jumped up to 0.106 ɛA/cm2. it further rose to 0.25 ɛA/cm2 24 hours later. Corrosion current fluctuated 

by Wet-Dry cycle but increased consistently to maximum current indicate 0.85 ɛA/cm2 at the 738 days. After 

0.85 ɛA/cm2, the result decreased to 0.14 ɛA/cm2 and showed passive current until 1106 days. After 1106 

days, the current trend tended to increase and underwent active current again. Control 2 initiated corrosion 

current at 485 days as 0.17 ɛA/cm2 and the corrosion current kept increasing until the end of 1200 days. The 

maximum current was 2.54 ɛA/cm2. Control 3 exhibited a significant increase to 0.11 ɛA/cm2 at 578 days 

and reached 0.48 ɛA/cm2 within 20 days. It ultimately reached a maximum of 1.56 ɛA/cm2.  

Only Control 1 experienced a passive current after the onset of corrosion. This could be because the cor-

rosion-products temporarily covered the rebar surface and reduced further corrosion [79]. However, electro-

chemical responses by corrosion inherently exhibit stochastic behavior due to local variation in concrete 

microstructure, chloride concentration, and environmental condition. Broomfield, J.P. [80] suggests the 

guideline to estimate the severity of corrosion. If the corrosion current density is below 0.1 (passive condi-

tion); between 0.1 and 0.5 (low to moderate corrosion); values from 0.5 to 1 (moderate to high corrosion); 

and above 1 (high corrosion). Based on this criterion, an analysis of corrosion severity reveals that, on aver-

age, the control samples without SME treatment can be classified as exhibiting high corrosion. Regardless 

of application methods, SME penetrated into the concrete and prevented water absorption as a sealer or water 

repellent on the surface and in the matrix [23]. 
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Figure 4.9: Corrosion current density measurement for the top rebar. 

 

 

 

4.4.4 Total corrosion 

Corrosion current is available to measure the corrosion reaction rate over a short period, but it can fluctuate 

over time. Initially, high current may be observed, but it can decrease over time or vary with environmental 

or sample conditions. In contrast, total corrosion represents the cumulative amount of corrosion over time 

considering the corrosion rate and duration, and it allows for a more accurate prediction of long-term dura-

bility. Referring to the macro-cell current results, SME-treated concrete specimens, regardless of whether 

the SME was applied topically or intermixed, showed no corrosion within the maximum measurement period 

of 1,250 days in this study. There was no accumulation of total corrosion and resulted in total corrosion 

values for these specimens being close to zero. Therefore, the total corrosion of SME treated specimens is 

not described. In contrast, corrosion was observed in the control specimens, and total corrosion was calcu-

lated. According to ASTM G109, total corrosion of control specimens was calculated in coulombs and shown 

in Figure 4.10. In the plot, the total corrosion measured for each control specimen are expressed in lighter 

color lines, and the average of the data is indicated by the black lines. The average value is the arithmetic 

mean of the measured values from each specimen at the time of measurement. In Control 1, corrosion initi-

ated at the end of 400 days, reaching a peak of 2,396 coulombs by the end of the measurement period. For 

Control 2, corrosion began at 485 days, with total corrosion and steadily increased to a maximum of 5,685 

coulombs. Control 3 exhibited corrosion onset at 578 days, concluding with a measured value of 3,612 cou-

lombs.  
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Both Control 2 and Control 3 displayed consistent increases in total corrosion. They followed nearly iden-

tical corrosion accumulation patterns considering initiation times of each specimen. On the other hand, the 

result of Control 1 showed a comparatively slow increase in total corrosion and it increased plateauing be-

tween days 1,000 and 1,100. Based on the macro-cell current results, the corrosion product formed on the 

rebar surface in Control 1 inhibited further corrosion and reduced the total corrosion rate. The average total 

corrosion of control specimens indicated 3914 coulombs. 

 

 
Figure 4.10: Total corrosion of control specimens exposed to chloride environment. 
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4.4.5 Half-cell potential 

The half-cell potential measurements from specimens are shown in Figure 4.11. According to the ASTM, 

when the half-cell potential of the top rebar is more positive than -200 mV with respect to copper/copper-

sulfate electrode, the probability of corrosion is less than 10%. The results of the half-cell potential test also 

exhibited peaks (wet cycles) and valleys (dry cycles) due to the exposure cycles. The SME-treated specimens 

showed no potential drop (indicating corrosion probability). In contrast, the three control specimens exhib-

ited two distinct potential drops, approximately at day 400 and 800. After the first drop, the half-cell potential 

values were over -200 mV, which is a threshold potential to reach active condition of rebar, and relatively 

high compared to the values after 800th day. Unfortunately, due to a measurement equipment issue, it is 

considered that there are inaccurate values of potential between the first potential drop and 785th day. Also, 

the initial potential drops align with the macro-cell current measurement data and the double drop point are 

not typical pattern referring to trends of half-cell potential test from several studies [80-83]. Therefore, it is 

assumed that the potential fell below -200 mV during the first drop so that corrosion initiated with the initial 

potential drop in the graph. By the end of the measurement period, the half-cell potentials of the control 

specimens measured -466.61 mV, -462.65 mV, and -500.10 mV.  

Only Control 1 exhibited a significant potential increase followed by a decrease. It is considered that the 

rebar was under passive condition in the period. This test results can only show the possibility of corrosion 

initiation and quantitative analysis cannot be conducted using this result. However, over the 1,250-day meas-

urement period, corrosion was confirmed only in the control specimens, and it emphasizes that using SME 

as both a topical and intermixed application provides significant corrosion resistance for long-term durability. 
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Figure 4.11: Half-cell potential measurement for the specimens after SME application. 
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4.5 Findings and Conclusion 

In this study, the skid resistance of SME-coated concrete and the effect of blotting sand on the skid re-

sistance of SME-coated concrete were analyzed, and the chloride penetration resistance of concrete with 

SME as a topical and intermixed application was observed for a long-term period. The following key findings 

can be listed. 

Skid test results showed a significant initial reduction in surface friction during the first 6 hours after SME 

application, where the skid resistance dropped to approximately 10% of that under dry conditions. However, 

after 24 hours, the skid resistance approached pre-application levels and exceeded them after 36 hours. It 

indicates full recovery of surface friction performance over time.  

To address the reduced initial friction, the use of blotting sand was investigated. It was found that the 

application of blotting sand significantly improved early-age skid resistance. Slabs treated with silica sand 

exhibited British Pendulum Number (BPN) values around 67~68, while those with concrete sand achieved 

higher BPN values of 72~77, despite some variability due to particle irregularity. The effect of waiting time 

(1~6 hours) before sand application was found to be negligible within this early timeframe. 

In corrosion resistance test, SME-treated specimens, regardless of application method (topical, intermixed, 

or combined), maintained extremely low macro-cell current densities (Ò0.002 ɛA/cmĮ) throughout the test 

duration. These values were significantly below the threshold indicating active corrosion and it confirms the 

effectiveness of SME as an anti-corrosion treatment. In contrast, all three control specimens without SME 

exhibited clear signs of corrosion initiation and progression. Control 2 showed the most severe corrosion 

with a peak current density of 2.54 ɛA/cmĮ. 

For SME-treated specimens, no meaningful corrosion was detected during the 1,250-day test period, and 

total corrosion values remained negligible (near zero). it indicates that SME application effectively prevented 

long-term corrosion. On the other hand, total corrosion for control specimens increased progressively, with 

Control 2 accumulating the highest value of 5,685 coulombs. The average total corrosion for the untreated 

control group was 3,914 coulombs, classifying them under ñhigh corrosionò per ASTM G109 and Broom-

fieldôs corrosion severity guidelines [80]. 

SME-treated specimens consistently showed half-cell potential above -200 mV, indicating less than 10% 

probability of corrosion. No potential drops suggesting active corrosion were observed. Conversely, all con-

trol specimens showed significant potential drops (near 400 days). By the end of the test, half-cell potential 

for control specimens dropped to as low as -500 mV, further validating active corrosion. 
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In conclusion, SME application significantly decreases the skid resistance of concrete at initial stage, and 

it requires sufficient drying for operation. The use of blotting sand can be one of the solutions to reduce the 

wait time for dry conditions. Overall, concrete sand outperformed silica sand in restoring friction and is thus 

recommended for applications where early reopening to traffic is critical. Within the scope of the study the 

following conclusion is concrete with SME applied either topically or intermixed did not show corrosion 

during the test period, regardless of the application method, and SME effectively enhanced chloride pene-

tration resistance of concrete. In this study, no corrosion occurred in the concrete with SME application even 

during a sufficient long-term testing period. Continued observation until corrosion develops in all specimens 

to compare differences in chloride penetration resistance by SME application method and analyze the amount 

of corrosion will be an interesting task for future research. The results of this study suggest the potential for 

SME application on bridge deck concrete and are expected to contribute to sustainability in the concrete 

industry. 
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Chapter 5.  

 

Summary of Conclusions 

 

The primary objectives of this research were: (1) to investigate and compare the performance of commer-

cially available overlay repair materials under organic acid exposure; (2) to assess strategies for enhancing 

concrete durability in waste transfer stations (WTSs); (3) to develop a preliminary design of precast and 

prestressed concrete overlays for WTS; and (4) to evaluate skid resistance of SME treated concrete and the 

long-term performance of SME applications for improving the durability of concrete subjected to chloride 

exposure. 

Chapter 2 addressed the evaluation of concrete overlays in WTSs by analyzing abrasion resistance and 

bond strength of several repair materials with different binders and aggregates under synthetic leachate ex-

posure. The results indicated that repair materials with emery aggregates exhibited outstanding abrasion re-

sistance, while those with iron aggregates exhibits significant deterioration due to corrosion. Epoxy-based 

materials demonstrated lower volume loss compared to cement-based materials. However, neither the use of 

calcium hydroxide as an admixture nor SME-polystyrene blend (SME-PS) as a sealant improved perfor-

mance; in fact, SME-PS exacerbated surface degradation. Bond strength tests indicate that the exposure to 

leachate reduced the tensile strength of substrates and the bond strength between repair materials and sub-

strates and the bond strength between the substrate and repair materials with emery aggregate were particu-

larly vulnerable to exposure to organic acid attack, affecting the bond strength negatively. Furthermore, the 

application of a bonding agent resulted in a sufficient enhancement of bond strength between the substrate 

and HOPC overlay as much as the repair materials and the bond strength between epoxy-based repair mate-

rial and the substrate was higher than the tensile strength of concrete substrate even after exposure to leachate. 

Chapter 3 proposed the design of precast and prestressed concrete overlays as an alternative repair method 

for WTS floors. The design included material specifications, fabrication procedures, lifting mechanisms, and 

structural analysis under transportation and service loads. The strategy demonstrated potential for reducing 

on-site construction time, improving quality control, and extending service life. The design guidelines incor-

porated concrete mixes resistant to organic acid exposure, strand layout optimization, and stress evaluations 

to ensure structural performance. A novel abrasion indicator concept was also introduced for real-time mon-

itoring. 
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Chapter 4 evaluated the application of SME to bridge deck concrete. For topical application, initial skid 

resistance was significantly reduced following topical application of SME but recovered over time. Blotting 

sand, particularly concrete sand, effectively restored the early-age skid resistance. Long-term chloride pen-

etration tests and corrosion monitoring revealed that SME-treated concrete, regardless of the application 

method, exhibited excellent chloride resistance and no signs of corrosion over the 1,250-day test period, 

confirming viability of SME for durability enhancement. 

In summary, the research outcomes can be used to develop suggestions for selecting materials and strategies 

to improve the durability of concrete structures subjected to aggressive exposure conditions. For WTS, (i) 

Among the commercially available repair materials, including specialized ones, those containing emery ag-

gregate are more advantageous than those with iron aggregate; (ii) While epoxy binders may be superior to 

cement-based binders, their use will likely be limited to more localized repairs due to economic considera-

tions; (iii) The application of a bonding agent can significantly improve the bond strength of ordinary con-

crete to a level comparable with that of the repair materials; (iv) It is advisable to avoid the use of SME as a 

sealant and calcium hydroxide as an admixture, as well as repair strategies that are unverified in WTS envi-

ronments, as they may degrade the performance of the concrete; (iv) The application of precast and pre-

stressed concrete overlay can be a rapidly deployable repair strategy. The most critical factor in determining 

panel size is the load applied to the panel during transportation, and for bridge deck concrete, (v) SME 

effectively improves the long-term resistance of concrete to chloride penetration. To recover the initial skid 

resistance reduction by SME application and open the infrastructure rapidly, it is more recommended to apply 

concrete sand than silica sand as a blotting sand.  

This study assessed the performance of commercially available repair materials and explored the applica-

bility of various repair strategies for concrete structures subjected to aggressive exposure conditions. It eval-

uated the durability of concrete materials, including unconventional components, and feasible repair strate-

gies were analyzed and proposed. The outcomes of this research offer practical, evidence-based recommen-

dations for the selection of repair materials and the formulation of effective repair strategies. The incorpora-

tion of long-term performance evaluations constitutes a significant contribution to extending the service life 

of deteriorated infrastructure. Ultimately, the results of this study are anticipated to help reduce maintenance 

cost, mitigate operational disruptions, and support the adoption of sustainable repair practices in concrete 

infrastructure systems. 
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(a) (b) 

Figure A.1: SME 1 Baseline: (a) original neutron scan; and (b) segmented. 

 

  

(a) (b) 

Figure A.2: SME 1 - 0 Hours (SME Applied): (a) original neutron scan; and (b) segmented. 
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(a) (b) 

Figure A.3: SME 1 - 1.5 Hours: (a) original neutron scan; and (b) segmented. 

 

  

(a) (b) 

Figure A.4: SME 1 - 19 Hours: (a) original neutron scan; and (b) segmented. 
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(a) (b) 

Figure A.5: SME 1 - 0 Hours (Water Added): (a) original neutron scan; and (b) segmented. 

 

  

(a) (b) 

Figure A.6: SME 1 - 2 Hours (Water Added): (a) original neutron scan; and (b) segmented. 
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(a) (b) 

Figure A.7: SME 1 - 4 Hours: (a) original neutron scan; and (b) segmented. 

 

  

(a) (b) 

Figure A.8: SME 1 - 5 Hours (Water Added): (a) original neutron scan; and (b) segmented. 
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(a) (b) 

Figure A.9: SME 1 - 24 Hours (Water Added): (a) original neutron scan; and (b) segmented. 

 

  

(a) (b) 

Figure A.10: SME 2 Baseline: (a) original neutron scan; and (b) segmented. 
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(a) (b) 

Figure A.11: SME 2 - 0 Hours (SME Applied): (a) original neutron scan; and (b) segmented. 

 

  

(a) (b) 

Figure A.12: SME 2 - 1.5 Hours: (a) original neutron scan; and (b) segmented. 
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(a) (b) 

Figure A.13: SME 2 - 19 Hours: (a) original neutron scan; and (b) segmented. 

 

  

(a) (b) 

Figure A.14: SME 2 - 0 Hours (Water Added): (a) original neutron scan; and (b) segmented. 

 
























