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EXECUTIVE SUMMARY 

This study evaluates the use of recycled concrete aggregate (RCA) in nonstructural concrete 

on NCDOT projects in Eastern North Carolina (ENC).  Concrete panels were selected from 

NCDOT bridge demolition and reconstruction projects in Divisions 1, 2, and 3, and was 

processed to coarse aggregates for Class B concrete as per the 2018 NCDOT Standard 

Specifications for Roads and Structures (Section 846 and Section 1000-4; and Table 1000-1).  

The coarse RCA were undergone a series of laboratory testing and used in concrete mixing 

for making Class B concrete.  Engineering and cost analyses were performed based on the 

data obtained from the laboratory testing, the survey responses, and industry interviews. 

To investigate the suitability and practicality of using the recycled concrete aggregate from 

Eastern North Carolina as an aggregate in nonstructural concrete, concrete slabs were 

selected from demolished concrete bridges in three counties in this region.  The concrete 

bridge panels were crushed, separated from reinforcing steel, sieved, and examined in 

laboratory for making nonstructural concrete.  Fresh concrete properties, and strength related 

properties were evaluated and compared with natural aggregate concrete (control mix).  

The laboratory testing includes properties of RCA such as LA abrasion, bulk specific gravity, 

absorption, and potential alkaline-silica reaction.  Fine particles and impurities incorporated 

in the RCA generated during crushing were also measured.  Concrete related testing includes 

mix proportion, fresh concrete test and strength test.  A pioneer study was conducted for 

trials to evaluate the possibility to add other recycled materials, steel slag, for instance, in the 

later core study. 

Five mix designs were prepared using the three RCA samples from three locations.  RCA and 

crushed granite aggregate were used.  Normal concrete design method was used to make 

concrete mixes containing 0% (control mix), 15%, 30%, 50%, and 100% RCA.  The 

requirements of the Standard Specifications for Class B (nonstructural concrete) by North 

Carolina Department of Transportation was used as criteria when proportioning the concrete 

mixes, which include minimum cement content, maximum Class F fly ash content, 

workability, and air content.  To evaluate compressive strength testing, 7-day, 28-day and 90-

day compressive strength results were obtained. 

To verify the possibility of using steel slag produced in Eastern North Carolina with RCA in 

nonstructural concrete, electric arc furnace (EAF) slag was used to examine the strength 

changes.  In this trial, mixes containing 0% (100% RCA), 20%, and 50% of EAF slag 

replacement were prepared and tested. 

For engineering analysis purpose, cyclic stress and strain curves were obtained under 

universal testing machine for selected 28-day cylindrical specimens to check any brittleness 

index (related to interface between aggregates and cement mortar) change due to possible 
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changes of bonding of the interface between different aggregates and cement paste.  Rapid 

chloride penetration test was conducted for selected concrete specimens.  

The results show that the processed RCA samples from demolished bridges generally meet 

NCDOT requirements for concrete aggregate.  The 7-day, 28-day, and 90-day compressive 

strengths surpass the minimum strength requirements for Class B concrete.  The RCA 

concrete is very competitive to the concrete containing natural coarse aggregates.  Concrete 

containing RCA and steel slag aggregates shows higher compressive strength that contains 

natural coarse aggregate and RCA.  

A pioneer study was conducted during the project that provided preliminary results and 

information for adding steel slag into RCA concrete and directions for future research on 

blending use of RCA and other recycle materials in concrete. 

Guidelines and procedures for RCA uses in Class B concrete can be developed based on the 

results and recommendations. A revision of specification for concrete coarse aggregate to 

include recycled concrete aggregate in the Standard Specifications is recommended.  It is 

anticipated that the research results and products will assist NCDOT in developing 

alternative concrete aggregate and provide contractors opportunity to use RCA in NCDOT’s 

projects.  The results will benefit the bridge and road construction projects specified in the 

10-year STIP plan for 2016-2025, and beyond.  The sustainable development in Eastern 

North Carolina - one of the fastest growing regions in the State of North Carolina is also 

supported by the comprehensive use recycled concrete aggregate through conservation of 

natural resource and balancing economic, environmental, and societal needs. 
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1.0 INTRODUCTION 

Recycled concrete aggregate (RCA) is a granular material manufactured by removing, 

crushing, and processing portland cement concrete (PCC) for reuse in similar situations as 

virgin natural aggregate.  In many economically fast-growing areas, such as Eastern North 

Carolina, one of the problems facing is the decline of available disposal sites for demolished 

debris and lack of good quality aggregate resources for infrastructure construction.  Research 

and construction practice have proven that processed recycled concrete aggregate from 

demolition can meet or exceed the technical requirements for aggregates and can be used as 

aggregates for granular base, portland cement concrete and hot mix asphalt (HMA).  

RCA possesses different properties from natural aggregate, mainly because the resultant 

crushed material is composed of both the original natural aggregate and reclaimed mortar, 

which greatly affects the properties and behavior of materials produced with RCA.  Specific 

steps must be taken in the design and construction process.  The composition of RCA can be 

highly variable, which may contain contaminants such as clay, brick, asphalt or other 

construction and demolition (C&D) waste.  However, when its characteristics are properly 

considered and accounted for, RCA can be used effectively in concrete.  Some US states 

have used RCA in concrete in DOT’s projects.  In addition, some other states have conducted 

research and formulated new specifications and guidelines to allow RCA use in nonstructural 

concrete. 

This research is to investigate the possibility to use processed RCA from the demolished 

concrete bridges in ENC in nonstructural concrete, with focus on RCA, fresh and hardened 

concrete property testing in laboratory.  

1.1 Background Information 

Currently more than 140 million tons of RCA are produced each year in the US (CIDA, 

2018).  The quantity is increasing as the nation’s civil infrastructures are becoming aged and 

being reconstructed.  In the US, research has been conducted on the use of RCA in concrete 

for the last two decades. New standard specifications and guidelines have been enacted in 

some states to allow the use of RCA in new concrete. 

The North Carolina State Transportation Improvement Program (STIP) for 2016-2025 

stipulates the requirements for approximate 150 bridge replacement and 700 miles of road 

construction projects in the 28 counties under NCDOT Divisions 1, 2, and 3.  A huge amount 

of concrete debris will be generated, and a large quantity of new concrete will be needed 

including nonstructural concrete.  However, good quality concrete aggregate is not 

economically available in ENC.  It has been reported that contractors and concrete producers 

in ENC have to drive long hauling distance to west of I-95 to obtain concrete aggregates.  It 

is imperative to conduct this research and improve the current specifications to provide 
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guidance for the use of coarse RCA in Class B concrete for nonstructural concrete 

construction. 

This research selected three typical bridge replacement projects from NCDOT Divisions 1, 2, 

and 3 during the research period, processed the aggregate to the NCDOT standards for 

concrete, and a series of conventional and special laboratory tests for RCA, fresh and 

hardened concrete were conducted.  Engineering and cost analyses have been performed 

based on the data collected from the testing, literature review, and industry survey.  The 

practical method to process RCA and making nonstructural RCA concrete is recommended.  

A thorough literature study on the state-of-the-practice of using RCA in concrete was 

conducted at the beginning of the research.  A survey to state highway agencies, ready mix 

concrete suppliers, and construction companies on experience on RCA use in concrete was 

conducted and summarized. 

1.2 Research Objectives 

The goal of this study is to determine the efficacy and practicality of using coarse RCA in 

nonstructural concrete on NCDOT projects in Eastern North Carolina to meet the 

requirements of Class B concrete as per Section 1000-4 of NCDOT 2018 Standard 

Specifications.  Through field and laboratory investigation, survey of the users of RCA, 

engineering and cost analyses, the following primary research objectives were achieved and 

validated.  

• Determine the properties of RCA processed from the demolished concrete and detail 

the processing of RCA so that NCDOT requirements for Class B concrete aggregate 

is met; 

• Determine the strength related properties of concrete containing coarse RCA;  

• Adjust and validate the conventional mix design method for RCA concrete mixes 

when necessary; and determine any other possible modifications needed for fresh and 

hardened concrete properties, and concrete mix design method using RCA; 

• Compare and analyze the costs of natural aggregates, RCA processing, RCA 

concrete, and economical, environmental, and social benefits; 

• Propose the possible revision of the Specifications to incorporate RCA as an option 

for using as an aggregate in Class B concrete.  Provide information including 

processing RCA, using RCA in Class B concrete, mix design, and strength and 

durability related requirements for guidelines development. 

1.3 Research Scope 

Primarily the major work conducted in the project include  

• Identify the scheduled bridge replacement projects and road construction projects 

in the project period in NCDOT Divisions 1, 2, and 3 through a thorough study of 
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the State Transportation Improvement Program (STIP) 2016-2025 and other 

related documents. Meet and interact with division, district, and NCDOT 

Engineers; 

• Select candidate projects for the research in Divisions 1, 2, and 3 (matching the 

project construction schedules); 

• Collect information on the parent concrete and their properties; 

• Design, distribute, and collect a survey questionnaire targeted to the state highway 

agencies, concrete producers, and construction companies across the country 

regarding their previous experience on using RCA; 

• Conduct field processing, sampling, and laboratory testing for RCA, which 

include but not limited to sieve analysis (separate the sampled materials from field 

by using #4 sieve), specific gravity, impurities content, LA abrasion and 

absorption; 

• Conduct laboratory testing of concrete, including preparing concrete mix design 

and specimens using RCA to replace coarse crushed aggregate (CA, > 4.75 mm), 

volume at 0% (control), 15%, 30%, 50%, and 100% levels. Slump, air content, 

and density to be tested for fresh concrete.  To maintain the required workability 

by NCDOT specifications, Type F fly ash to be used; 

• Compressive strengths at 7, 28, and 90 days to be conducted; 

• Potential alkali-silica reaction test of RCA samples, and rapid chloride penetration 

test for selected concrete to be conducted; 

• Locally available steel slag aggregate is to be sampled and used with RCA to 

verify the strength contribution to concrete (blending use with RCA); 

• Conduct an engineering analysis; 

• Conduct cost analysis.  This will be based on the survey data obtained from the 

contractors and ready mixed plants, mix design data, RCA and concrete testing 

results and other involved costs.  Other factors will also be considered, for 

example, landfill cost if concrete debris is disposed of. 

1.4 Outcomes and Benefits 

The research results can be used for the development of guidelines and training materials for 

RCA use as an aggregate in nonstructural concrete, and outline procedure to process RCA.  

Revised specification concerning the use of RCA in Class B concrete is recommended.  It is 

anticipated that the results and products will assist NCDOT in decision-making on selecting 

alternative concrete aggregates.  The results will benefit the bridge and road construction 

projects specified in STIP 10 years plan, and the sustainable development in Eastern North 

Carolina - one of the fastest growing regions in the State of North Carolina.  The results will 

also benefit future transportation improvements in a long term. 
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1.5 Report Organization 

The remainder of the report is organized into chapters that present the project’s major areas 

and sequences in detail.  Chapter 2 covers the literature study conducted by the team.  

Chapter 3 provides the summary of the survey results and responses from the state highway 

agencies, ready mix concrete suppliers, and construction companies.  Chapter 4 deals with 

the concrete bridge selection and RCA process.  Chapter 5 covers concrete mix design, 

testing, and results.  Chapters 6 and 7 provide engineering analysis and cost analysis and 

economic, environmental and societal benefits.  Chapters 8 and 9 present conclusions and 

recommendations on future research in development of RCA use in nonstructural concrete.  

Chapter10 presents technology transfer plans of the research project.  Chapters 11 and 12 are 

references cited and appendices to the report. 
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2.0 LITERATURE REVIEW SUMMARY1 

Recycled concrete aggregate is a granular material processed by removing reinforcing steel, 

crushing, and processing portland cement concrete for reuse in construction as virgin natural 

aggregate.  RCA’s properties are different from natural aggregate, mainly because the 

resultant crushed material is composed of both natural aggregate in demolished concrete and 

reclaimed mortar, which significantly affects the properties and behavior of materials 

produced with RCA unless specific steps are taken in the design and construction process.  

The composition of RCA can be highly variable, which may contain contaminants such as 

clay, joint sealant, asphalt or other construction and demolition wastes.  However, when its 

characteristics are properly considered and accounted for, RCA can be used effectively in 

concrete. 

The practical use of RCA as an aggregate in new concrete can be traced back to the 1940s 

internationally.  Normative documents or standard specifications have been used in many 

countries and organizations, for example in Germany: DIN 4226-100; UK: BS 8500-2; 

Brazil: NBR 15.116; Japan: BCSJ-97; Hong Kong: WBTC 12-2002; the International Union 

of Laboratories and Experts in Construction Materials, Systems and Structures (RILEM): 

RILEM-1994; and Cement and Concrete Australia.  It has been reported that the use of RCA 

in concrete can maximize the economic benefits by matching or exceeding the technical 

requirements for concrete containing natural aggregate.  It is very common worldwide that 

partial replacement 30%-50% of natural aggregate in concrete used in sidewalks, curbs and 

gutters; also for structural concrete with mix adjustments and inferior permeability and 

shrinkage properties.  

In the US, the quantity of RCA production is increasing as the nation’s civil infrastructures 

are becoming aged and being reconstructed.  RCA has been used in various paving layers. 

New standard specifications and guidelines have been enacted in some states to allow the use 

of RCA in new concrete.  The production of RCA typically includes the following steps, 

evaluation of the source concrete, preparation of the concrete structure (bridge, pavement) for 

demolition, concrete breaking and removal, removal of the embedded steel, crushing and 

sizing, evaluation and sorting (separate good from bad), and stockpiling. 

2.1 Processing of Recycled Concrete Aggregate 

Although the traditional method and same basic equipment to process virgin aggregates can 

be used to crush, size, and stockpile RCA, the selection of crushing process can affect the 

amount of mortar that clings to the RCA particles and, therefore, the properties of the RCA.  

Jaw crushers generally are more effective at producing higher quantities of RCA, but 

                                                 
1 A Full Literature Report by the Research Team can be found in the Quarterly Progress Report of December 

31, 2016. 
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generally result in relatively high amounts of reclaimed mortar in RCA particles.  Impact 

crushers can be lower in productivity, but more effective to remove mortar from RCA, 

therefore the coarse RCA is more similar to virgin aggregate (Snyder, 2016).  Figure 2.1.1 

shows the plant RCA processing procedures (Eguchi, et al., 2007).  The production of RCA 

can be completed on site by one piece of integrated equipment.  Figure 2.1.2 presents the 

Terex Finlay J-1170 compact and tracked jaw crusher for crushing, screening, and magnetic 

separation.  Concrete debris can be crushed, screened into two adjustable sizes, and undergo 

magnetic separation at the same time within the single machine.  Transportation cost to the 

plant is incurred as part of the costs of production. 

The advantages of onsite processing include using the processed aggregate nearby by 

allowing the coarse RCA to be added to the ready-mix concrete trucks that have base 

concrete mixes (partial coarse aggregate), thereby saving transportation costs; and the 

integrated process uses one crusher, which increases the productivity and recovery rate.  

Coarse aggregate can be recovered up to 77% of the processed volume.  Adding RCA as 

coarse aggregate in concrete is illustrated in Figure 2.1.3. 

 

Figure 2.1.1 Flow Chart for Plant Processing of RCA 

(Diagram courtesy of Eguchi, et al., 2007) 
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Figure 2.1.2 Terex Finlay J-1170 Compact and Tracked Jaw Crusher 

(Photo taken by George Wang; courtesy of Hills Machinery, Greenville, North Carolina) 

 

Figure 2.1.3 Onsite Production Procedure of RCA Concrete 

2.2 Properties of Recycled Concrete Aggregate 

RCA has several unique characteristics and properties that must be considered during the mix 

design and construction stages.  These properties include lower specific gravity, which 

decreases with increasing amount of reclaimed mortar; higher absorption, which increases 

with increasing amount of reclaimed mortar; greater angularity; increased abrasion loss, 

which increases with increasing amount of reclaimed mortar; presence of unhydrated cement, 

which may alter its behavior and complicate stockpiling, especially the fines (passing #4 

sieve); the fines produced during the crushing operation are angular, which tend to make 

RCA concrete mixtures very harsh and difficult to work. 
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Not all RCA is appropriate for use in concrete. For example, RCA made from concrete 

exhibiting materials-related distress (MRD) such as alkali silica reactivity (ASR) or D-

cracking may not be used in concrete unless certain mitigation methods are employed.  

Additionally, RCA may have high chloride contents due to extended exposure to deicing 

chemicals, which may make it unsuitable for use in reinforced concrete.  The low abrasion 

resistance may lead to poor performance in an application where intimate aggregate interlock 

is relied upon for load transfer (for example, in undoweled joints or at transverse cracks of 

reinforced slabs). 

The crushing process to generate RCA exposes unhydrated fines, which can lead to 

cementation when exposed to water or particularly humid conditions, thus changing the 

physical properties of the RCA.  On the contrary to most virgin aggregates, RCAs typically 

fail the sulfate soundness test (ASTM-C88 2008) using sodium sulfate, but tended to perform 

well using magnesium sulfate in a limited study. 

RCA may contain as much as 40% of mortar, which would accordingly affect such 

deformation properties of RCAs as elasticity, creep, and shrinkage.  More water may be 

needed to enhance workability (Topçu and Şengel, 2004). 

2.3 Mix Design of Concrete Containing Recycled Concrete Aggregate 

In principle, the mix design of recycled aggregate concrete is not different from that of 

conventional concrete and the same mix design procedures can be used.  In practice, slight 

modifications are required.  These include: 

When coarse RCA is used with natural sand, it may be assumed at the design stage that the 

free water-to-cement (W/C) ratio required for a certain compressive strength will be the same 

for RCA concrete as for conventional concrete.  If trial mixes show that the compressive 

strength is lower than required, an adjustment of the W/C should be made which would be up 

to10 liters/m3 (or 5%) higher than for conventional concrete.  In some cases, if free water 

content of RCA concrete is increased, the cement content may also need to be higher to 

maintain the same W/C ratio. 

The unit weights of concrete made using RCA are within 85% to 95% of the original 

concrete mixture.  Air contents of RCA concrete are up to 0.6% or higher.  The optimum 

ratio of fine-to-coarse aggregate is the same for RCA as it is for concrete made from virgin 

materials.   

Trial mixtures are mandatory (ACI, 2001).  It is believed that the reduction in the residual 

mortar, when the concrete is recycled more than one time, makes the recycled RCA concrete 

perform better than the RCA concrete (Hole, 2013). 
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It is the practice that the use of coarse RCA (up to 30%) is normally recommended but the 

addition of superplasticizer is often considered necessary for achieving the required 

workability of new concrete (Parekh and Modhera, 2011).  Higher than 50% RCA may cause 

higher shrinkage of the concrete (Malešev, Radonjanin, and Marinković, 2010). 

2.4 Applications of Concrete Containing Recycled Concrete Aggregate 

RCA concrete perform well on nonstructural concrete such as curb and gutter, valley gutter, 

sidewalks, concrete barriers, driveways, temporary pavement, interchange ramps with ADT 

less than 250, and on pavement types such as JRCP, and CRCP.  The use of fine RCA has 

more limited use in new concrete mixtures.  Some states specify that coarse RCA is only 

allowed to be used for lower priority applications (Van Dam, et al., 2015).  Some 

specifications state that RCA may not be used in concrete for mainline pavements or ramps 

with an ADT equal to or in excess of 250, concrete base courses, bridges, box or slab 

culverts, headwalls, retaining walls, prestressed concrete, or other heavily reinforced 

concrete. 

2.5 Workability of Fresh Concrete 

RCA concrete workability is strongly affected by the shape and texture of the coarse recycled 

aggregates surface; at the hardened state, the elasticity modulus and strength of RCA 

concrete are comparable to those of conventional concrete, or even better if the same W/C 

ratio is considered. Shrinkage strain is negatively influenced using recycled concrete 

aggregates, regardless the W/C used.  On the contrary, creep results appear less sensitive to 

W/C ratio (Manzi, Mazzotti, and Bignozzi, 2013a; 2013b). 

It is reported that in order to maintain the functionality of RCA concrete, the water content in 

the concrete mix may be ~10% higher than what is needed to make natural concrete while 

other researchers reported different results (Ravindrarajah, and Tam, 1985; Hashim, 2013). 

2.6 Strength Related Properties 

Research has confirmed that the use of RCA in substitution of virgin aggregates leads to 

concretes having lower strengths and higher permeability.  Concrete made with 100% coarse 

RCA has 20-25% less compressive strength than conventional concrete at 28 days at the 

same W/C ratio and cement quantity.  Concrete made with 100% RCA requires a high 

amount of cement to achieve a high compressive strength (Etxeberria, et al. 2007).  However, 

concrete made with 25% of RCA can achieves the same mechanical properties as that of 

conventional concrete employing the same quantity of cement and the equal effective W/C 

ratio.  Lower RCA addition can achieve similar strength of natural aggregate concrete 

(Deshpande, Kulkarni, and Pachpande, 2012).  Medium compressive strength concrete made 

with 50% or 100% of RCA needs 4-10% lower effective W/C ratio and 5-10% more cement 

than conventional concrete to achieve the same compression strength at 28 days. 
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The modulus of elasticity of RCA concrete is lower than that of conventional concrete.  

However, the tensile strength of recycled aggregate concrete can be higher than that of 

conventional concrete (Chen, Yen, and Chen, 2003; Katz, 2003).  Results by different 

researchers exhibited similar conclusions.  Research also shows that when fly ash is used, 

free shrinkage of RCA concrete is reduced and 48 MPa concrete can be made in laboratory 

containing RCA with low W/C ratio (Nelson, 2004).  

The use of fly ash in RCA concrete enhances its physical and mechanical properties thus 

mitigating the worsening effect of the recycled aggregates (Adnan, et al., 2007; Ali, et al., 

2014; Caggiano, 2012; Breccolotti, et al., 2015; Dabhade, Chaudari, and Gajbhaye, 2014; 

Ganiron , 2015; Hansen and Narud, 1983; Murali, et al., 2012; Kim, Sim, and Park, 2012; 

McNeil, Thomas, and Kang, 2013; Rahman, Hamdam, and Zaidi, 2009).  The results show 

that specific gravity and compressive strength decrease and the water absorption rate increase 

(Yaprak, 2011).  

To increase the strength of RCA concrete, researchers used steel slag (Qasrawi, 2014), and 

NaOH (Anuar, Ridzuan, and Ismail, 2011).  

2.7 Sustainability Benefit of Using RCA in Concrete 

Concrete is the second most consumed materials on the Earth after water.  To produce 

cement, the major constituting material of concrete, produce greenhouse emission, 2.5 billion 

tons of CO2 per year, 160 million tons of CO2 is produced due to aggregate production 

(Figure 2.7.1).  Total CO2 emission from concrete sector is about 5.9 billion tons, including 

cement, aggregate, steel, and transportation (Sakai, 2009). 

The many economic, environmental, and societal benefits of concrete recycling and using 

RCA in concrete include the following: 

• Lower reliance on virgin quarried aggregates 

• Reduced energy consumption 

• Reduced use of landfill space 

• Reduced greenhouse gas emissions 

• Time savings associated with haul time reductions 

• Recaptured value of prior investments in concrete paving materials 

Economic design is critical to all infrastructure projects.  Utilization of RCA as aggregate for 

new construction can minimize cost, but also reserve virgin aggregate resources thereby 

decreasing environmental pollution from concrete waste (Hawkins and Brown, 2010).  Using 

RCA can have approximately 11% savings in construction budget.  
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Figure 2.7.1 Cement Production and CO2 Emission 

The sustainability benefits of recycling concrete pavements can be quantified using life cycle 

cost analysis (LCCA), life cycle analysis (LCA), and rating systems.  LCCA is an economic 

analysis technique that is principally used to quantify the economic component of 

sustainability.  LCA is most suitable for analyzing and quantifying the environmental 

impacts of a specific project or strategy over a life cycle.  Rating systems rely heavily on 

providing incentives (points and recognition) for addressing a broad set of sustainability best 

practices.  The approach, assumptions, and analysis techniques used by each tool are 

different but, when utilized or in concert, various aspects of sustainability can be quantified.  

The goals of stakeholders should be carefully considered prior to selecting one or more 

approach (Cavalline, 2016).  Each of these types of tools provides one or more means of 

incorporating recycling-related activities and materials choices into the analysis and 

evaluation, provides guidance and potentially reward (recognition).  As outlined in the case 

studies presented, these tools have been successfully used by several agencies to justify and 

support concrete recycling activities.  More extensive utilization of these tools could provide 

incentive to stakeholders to utilize concrete recycling more frequently in pavement 

construction, moving towards a more sustainable highway infrastructure. 

Research found that concrete containing recycled concrete aggregates have 13-27 % lower 

thermal conductivity than the reported literature values for the dry concrete with 

approximately the same density.  Concrete sandwich panel wall containing RCA has 16.6% 

lower U-value than similar precast concrete wall panels on the market and has higher thermal 

mass than metal sandwich panel and that results with 11 % less energy needed for cooling 

and 22 % less energy needed for heating in buildings.  With this research, it was shown that 

by using RCA as recycled aggregate in the concrete mixes, sound insulation of precast wall 

systems can be improved (Pečur, 2014).  
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Financial analyses conclude that using RCA can create a sustainable end use for concrete 

waste, and reduce the demand for natural aggregates, and lead to natural resource 

preservation.  Probabilistic estimation of the price difference between RCA concrete and 

normal concrete concludes that ready mixed concrete plants having aggregate feeding 

mechanism with front-end loader would be an appropriate entry for industrial scale 

manufacturing of RCA concrete (Wijayasundara, et, al., 2016). 

2.8 Standards and Specifications for Recycled Concrete Aggregate Use in 

Concrete 

Some state DOTs have specifications for RCA use in concrete.  For example, TxDOT 2004 

Standard Specifications for Construction and Maintenance of Highways, Streets, and Bridges 

specifies nonhazardous recyclable material (NRM) to be used on TxDOT projects (TxDOT, 

1998; 2008).  RCA must meet the requirements of departmental material specification DMS-

1 1000, "Evaluating and Using Nonhazardous Recyclable Materials Guidelines."  Item 421, 

Hydraulic Cement Concrete, specifies that RCA can be used as a coarse aggregate, if it meets 

the specification requirements.  TxDOT does not allow RCA in structural concrete. 

California Department of General Services, Division of the State Architect (DSA), issued 

Interpretation of Regulations Document, IR 19-4 which clarifies the use and acceptance of 

RCA on projects under the purview of the Division of the State Architect: Coarse and fine 

RCA may be used only in exposed minor concrete applications such as sidewalk, curb, 

gutter, parking strip, and pavement in an amount not to exceed 50% of the total dry aggregate 

mass.  RCA should be thoroughly cleaned and washed before use and must not contain any 

deleterious materials and must meet the requirements of the California Building Code, and its 

referenced standards, i.e. ASTM C33, and satisfy specific project requirements.  California 

DOT allows up to 100% of RCA in minor concrete and lean concrete.  South Carolina DOT 

allows 100% of coarse RCA in PCC if the source is approved. 

The statewide use of RCA in PCC in Michigan is permitted by the MDOT Standard 

Specifications of Construction, in Aggregate Section 902.03 Part B, 902.04 and 902.06.  It 

allows the use of RCA as coarse aggregate in PCC for curb and gutter, valley gutter, 

sidewalk, concrete barriers, driveways, temporary pavement, interchange ramps and 

shoulders. 

Internationally, many countries have established specifications for RCA use in concrete.  In 

Brazil, specification NBR 15.116 "Recycled aggregates from construction and demolition 

waste (CDW)" (2005) allows the use of RCA only in nonstructural concrete, and both coarse 

and fine fractions are permitted in concrete production.  CDW is separated into four classes 

(A, B, C and D).  RCA belongs to Class A which can be considered as aggregate for use in 

concrete.  
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Germany has two standards; the first refers to the requirements of CDW aggregate, while the 

second proposes rules for the implementation of these aggregates in concrete.  DIN 4226-100 

"Aggregates for Mortar and Concrete - Recycled Aggregates" specifies requirements for 

aggregates with particle density higher than 1,500 kg/m3 for use in mortar and concrete.  It 

also specifies the system of production control and conformity assessment.  The particle size 

must follow the requirements specified in DIN 4226-1 "Aggregates for concrete and mortar-- 

normal density and high density aggregates".  Using DIN 4226-100, CDW aggregates are 

classed into four types: (i) waste concrete, (ii) CDW, (iii) Masonry waste, (iv) mixed 

material.  The first type, waste concrete, is mainly composed of recycled concrete. 

Hong Kong’s Works Bureau Technical Circular, WBTC No. 12/2002 outlines the use of 

recycled aggregates in concrete production and the construction of base and subbase of road 

pavement.  Two alternatives are suggested in this specification for the use of RCA in 

concrete.  The complete replacement of natural aggregate by RCA can be used for concrete 

in less demanding structures, such as benches, flowerbeds or cyclopean concrete.  Only 20 % 

replacement of natural aggregate by RCA is allowed in structural concrete with a 28-day 

compressive strength in the range of 25-35 MPa. 

In Japan the Building Contractors Society of Japan issued a "Proposed standard for the use of 

recycled aggregates and RCA" (1977).  RCA is allowed to be used in concrete.  This 

document does not limit the use of masonry material.  

The Japanese guideline “TR A006 2000 - Concrete using recycled aggregate” provides 

information on the use of RCA in concrete.  The main principle is that the mortar component 

will decrease quality, and this becomes evident as higher water absorption when the mortar 

content is increased. Classification is based on the amount of mortar.  The mortar phase 

increases water absorption.  With a higher mortar amount, the quality of recycled aggregate 

is lowered.  The amount of absorption should be less than 7 % for coarse aggregate and less 

than 10 % for fine aggregate.  This regulation includes also the methods for quality control. 

In Japan the use of recycled aggregate is recommended only for concrete without frost attack.  

The amount of RCA is determined on case by case basis.  It can be 100 % of coarse 

aggregate, or 50 % of both coarse and fine aggregates (Kuosa, 2012). 

A quality assurance system was created on the supply and utilization of coarse RCA in 

relation to existing product standards in Australia to produce concrete from clean 

uncontaminated crushed concrete (particle density >2,100 kg/m3, including < 2 % of brick, 

stony material or other forms of contaminants).  Physical contaminant levels typically less 

than 2% were achievable under existing manufacturing practices.  The need for assessing 

chemical contaminant levels was recommended. Such contaminants have the potential to 

alter concrete rheology, setting characteristics and concrete durability.  Class 1 RCA was 

deemed to be suitable for production of plain unreinforced and reinforced concrete up to and 
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including 40 MPa concrete, with no mandatory limits on RCA substitution levels.  Extra care 

must be taken to ensure satisfactory compliance to acceptance criteria based on standard 

deviation of compressive strength test results.  The issue of concrete durability was 

considered of great concern in respect of chemical contaminants such as sulphur-based 

residues that can induce deleterious expansive reactions as well as impact of chloride 

contaminants on the corrosion of embedded steel reinforcement.  Medium and long-term 

field durability tests were recommended. 

The RILEM - TC 121-DRG recommendation (1994) is a specification that deals with 

recycled coarse aggregates with minimum size of 4 mm for concrete.  As the properties of 

RCA fines are vastly different from those of natural sand, there is no specification for the 

fine fraction in the RILEM specification.  It classes the recycled coarse aggregates and 

indicates the scope of application for concrete containing these RCA classes in terms of 

acceptable environmental exposure classes and concrete strength classes.  Recycled coarse 

aggregates are classed as follows: Type I - aggregates which are implicitly understood to 

originate primarily from masonry rubble; Type II - aggregates which are implicitly 

understood to originate primarily from concrete rubble; Type III - aggregates which are 

implicitly understood to consist of a blend of recycled and natural aggregate; the composition 

shall have at least 80 % natural aggregate and up to 10 % Type I aggregate.  

Within the United Kingdom, the British Standard BS 8500-2:2002 "Concrete -

Complementary British Standard to BS EN 206-1 - Part 2: Specification for constituent 

materials and concrete" specifies requirements for coarse RCA only, excluding the use of 

fine RCA for concrete production.   

In some concretes any amount of RCA is possible in UK.  For instance, low grade flooring 

(small garages) with no reinforcement and some pavement curbs can include high amounts of 

RCA.  In other allowable cases the amount of RCA is usually limited to 20 % of total 

aggregate, though also 30 % has often only minor effects on especially the critical concrete 

properties in low exposure classes (Kuosa, 2012). 

In the Netherlands, the Dutch center CUR has developed specifications for the use of RCA.  

In 1984, a specification was released for the use of aggregates from crushing concrete.  In 

1986, CUR developed a specification for the use of recycled aggregate generated from 

masonry.  Subsequently, another specification was developed for the use of crushed mortar 

as aggregate.  

In Portugal, National Laboratory of Civil Engineering (LNEC) issued E 471: 2006 in 2006, 

prepared pre-norm, prE 469 "Guide for the use of recycled coarse aggregates in hydraulic 

binder concrete", which classes the coarse RCA covered by NP EN 12620 "Aggregates for 

concrete" and establishes the minimum requirements that they must meet in order to be used 

in the manufacture of hydraulic binder concrete.  Recycled aggregates requirements and their 
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applications are not shown for fine RCA since they have a high percentage of particles with 

dimensions less than 0.063 mm and greater water absorption capacity, making it difficult to 

control the workability and impairing the mechanical strength of concrete containing that 

fraction.  

In Belgium, a recommendation for the use of recycled aggregate in concrete was compiled by 

a working group in 1990.  A series of information on the document were presented.  This 

recommendation is divided into three parts: the first contains the requirements of the recycled 

aggregate, the second regulates the scope, and the third is related to the calculations of the 

coefficients and their characteristics.  This standard defines RCA only for coarse fraction.  It 

excludes the fine fraction as in several other specifications.  

In Switzerland, 0T70085 - The Swiss document was published in 2006, Objective Technique 

OT 70085 "Instruction technique. Utilisation de materiaux de construction 

minerauxsecondairesdans la construction d' abris".  It creates a wide range of applications for 

RCA, with different approaches depending on user demands.  This application is regulated 

together with the standard SIA 162/4, 1994 "Beton de recyclage".  The document establishes 

requirements to be met by RCA as well as their application conditions. 

In Russia, the former Soviet Union introduced a specification in 1984, developed by a 

scientific research institute, for the use of RCA in plain and reinforced concrete.  Regarding 

the scope of the standard, it specifies that the replacement ratio of natural aggregate by RCA 

can reach 100 % if the concrete is used in foundations or reinforced concrete with strength 

below 15 MPa.  If the replacement ratio is not more than 50 %, it can be applied in concrete 

structures with strength over 20 MPa.  

In Finland there is a national specification on the use of aggregate in concrete, 43 2008.  In 

this specification the use of recycled aggregate is allowed.  If recycled aggregates are used, it 

must be proven beforehand that the recycled aggregate is suitable for the specific intended 

use.  Relevant preliminary testing is needed. Requirements on RCA can be set based on the 

standard [EN 12620 + A1] (Aggregates for concrete). 

It is suggested that a specification for the use of RCA in Finland is needed.  Without 

comprehensive guidelines, the use of recycle aggregates in concrete would be unsound and 

very limited also in the future.  National specifications should be based on local climatic 

conditions, and all the other local circumstances.  The aim should be value-added sustainable 

application of recycled aggregates.  Also, the use of RCA in wider applications should be 

studied and promoted.  Considerable attention is required to the control of construction and 

demolition waste processing and subsequent sorting, crushing, separation and grading of 

aggregates for use in concrete, and possibly also in other materials, especially cement based 

materials (Kuosa, 2012). 
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European Standard: The technical committee, CEN/TC 154, "Aggregates" has developed an 

amendment, currently known as EN 12620:2002/PRA.1: 2006.  This standard is to be a 

European regulation, changing the current EN 12620:2002 and its national versions.  The 

standard establishes requirements for the composition of the coarse RCA, beyond the water 

absorption and density.  This amendment also includes a clause reserved for alkali-silica 

reactions, establishing that all RCA should be classed as potentially reactive unless it is 

specified that they are not reactive.  
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3.0 RCA USE IN THE UNITED STATE – A NATIONAL SURVEY SUMMARY2 

Survey questionnaires were prepared by the PI and sent to the Project Steering and 

Implementation Committee for review and comments.  The finalized questionnaires were 

sent to (i) the state highway agencies, (ii) ready mix concrete suppliers, and (iii) construction 

companies. The questionnaires and survey listing were input into the Qualtrics survey 

software and disseminated from the facility with weekly reminders. 

This part of the report describes the survey results from the three entities.  The questions 

focused on their experience using RCA, equipment availability, and cost related information 

involved in using RCA and natural aggregate.  In the survey process, data for RCA, quality 

aggregate availability, specifications, any issued in the use of RCA in concrete were 

obtained.   

3.1 Survey to State Highway Agencies 

The survey to the state highway agencies (SHAs) was regarding their experience with RCA 

and its uses in each state.  The survey covered RCA use in concrete, specific applications, 

RCA testing requirements, specifications or practices, issues with use of RCA.  Survey 

questions were disseminated to 50 states approximately 150 engineers.  A total of 35 states 

responded, and 16 states responded use RCA as an aggregate in concrete.  The summary of 

the responses is presented thereafter.  Although RCA as granular materials are reported by 

some agencies, it is not included in the summary as the use of RCA in concrete is the focus.  

The survey questions to SHAs are as follows: 

1. Does your agency allow the use of crushed recycled concrete aggregate (RCA) as an 

aggregate in new concrete for transportation infrastructure construction? 

2. Please describe how your agency’s practices or specifications differ for the use of RCA 

compared to virgin aggregate in concrete. 

3. Which application(s) RCA is commonly (often) used? 

4. What are your agency’s limitations of RCA, by percent weight of total aggregate, to a 

new concrete mix? 

5. What are your agency’s testing requirements or quality control procedures for using RCA 

as an aggregate in concrete? 

6. Has your agency encountered any problems of using RCA as an aggregate in concrete for 

transportation infrastructure construction? 

7. Has your agency considered expanding the use of RCA as an aggregate in concrete 

(higher allowed percentages or for more applications)? 

                                                 
2 Complete survey lists and detailed responses from the three survey groups can be found in Chapter 12, 

Appendices, Sections 12.2 to 12.7.  
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8. If your agency allows (or requires) using admixtures to modify any properties of concrete 

containing RCA, please provide details: What type of admixtures? When are they used or 

required? 

Among the 35 states, 20 states, accounting for 54.2%, are currently using RCA in 

nonstructural concrete (18), concrete pavement (2).  Figure 3.1.1 and Figure 3.1.1 summaries 

the responses from SHAs. 

 

Figure 3.1.1 Summary of Survey Responses from State Highway Agencies 

Most of the 20 states indicated that they use RCA at a 50% substitution rate for the coarse 

aggregate while some states do not set the limit.  

Testing requirements and quality control procedures for RCA is the same as that of regular 

concrete.  The use of admixture in RCA is same as in virgin mixes.  Water reducers and air 

entrainment are commonly used.  Testing requirements for RCA include gradation, moisture 

content, sand equivalent, LA abrasion, unit weight, and various deleterious materials.  

Testing for concrete include air content, yield, slump, temperature, W/C ratio, 28-day 

compressive strength, 28-day flexural strength, and freeze-thaw testing. 

In South Carolina the use of recycled PCC pavement as coarse aggregate in new PCC 

pavement mixture is allowed at the option of the contractor with the following qualifications: 

only aggregate derived from this project existing pavement is permitted.  Fine RCA 

aggregate will not be allowed.  Coarse RCA aggregate must meet the requirements of 

SCDOT Specification Subsection 701.2.10 requirements for coarse aggregate for portland 

cement concrete, except for that the LA abrasion and sulfate soundness requirements do not 

apply.  All joint sealant and backer rod material must be removed from the existing pavement 

prior to removal for recycling.  Ensure that the resulting RCA aggregate is free from steel 

reinforcement and other contaminants.  Aggregates derived from limestone or slag are not 

allowed.  Absorption of coarse RCA shall not exceed 10%.  A quality control plan to produce 

RCA must be approved by SCDOT prior to beginning production.  This plan must include 
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consideration for controlling moisture content, stockpile management, and trial batching.  

The agency includes it as an option for the contractor rather than requiring it. 

Table 3.1.1 Summary of RCA Uses in Concrete 
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Alaska     x x x x      

California x x x x x x x x      

Colorado x x x x x x x x x x x x 
Lean 

concrete base 

Florida        x      

Illinois          x    

Indiana             
(Not 

indicated) 

Kansas      x  x     
Cement 

treated base 

Louisiana             
(Not 

indicated) 

Minnesota x x x  x    x x    

Montana             
(Not 

indicated) 

North 

Carolina 
            

Class B 

concrete 

Ohio x x      x x x   Dump rock 

Oklahoma x x x       x    

Pennsylvania             
(Not 

indicated) 

South 

Carolina 
         x    

Tennessee       x x      

Texas          x x x  

Virginia x     x x x x    

roller 

compacted 

concrete 

Washington x x     x       

Wisconsin x x  x  x    x    

 

3.2 Survey to Ready Mixed Concrete Suppliers 

The survey questions to the ready mixed concrete suppliers regarding their experience with 

RCA use in concrete are as follows: 
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1. Has your company or plant ever used RCA as an aggregate to make new concrete?  If 

yes, what are the applications? 

2. Is the RCA provided to your ready-mix facility by a supplier in a ready-to-use format or 

your ready mix facility processes its own RCA on-site? 

3. Is the fresh concrete containing RCA mixed at your mixing plant or at a construction 

site? 

4. How does your practice, including mix design, differ for the use of RCA compared to 

virgin aggregates? 

5. What are your company’s testing requirements or quality control procedures for using 

RCA as aggregate in concrete? 

6. Has your plant ever encountered any problems in using RCA as an aggregate? 

7. Do you think the use of RCA as an aggregate in concrete will expand if the specifying 

agency allows using RCA in concrete? 

8. Please provide any additional comments you may have about your company’s use of 

RCA in concrete. 

A total of 17 companies or ready mixed associations responded. Among the 17 respondents, 

11 have used RCA in concrete.  They indicated that (i) most of the suppliers have used 

crushed RCA in residential concrete (footings, slabs, walls, etc.); (ii) the testing requirements 

or quality control procedures for using RCA as aggregate in concrete is the same as testing 

any other concrete that the company manufacture, air, slump, temperature, and cylinders; (iii) 

no technical problems, including strength deficiency issues, are encountered in using RCA as 

an aggregate.  The key issue to concern is the source material of the RCA.  Yards that accept 

all kinds of broken concrete can have significant inconsistencies in aggregate quality.  

A ready mixed concrete supplier uses 30% aggregate replacement for 4,000 psi post 

tensioned, slab on grade mix designs; 30% aggregate replacement for 3,000 psi foundation 

mix designs; 100% aggregate replacement in 150 psi trench slurry mix designs.  Their 

experience indicates tremendous success using 30% aggregate replacement in the mix 

designs. 

Most ready mixed concrete suppliers crush the recycled concrete and make fresh concrete 

containing RCA at the company's mixing plant.  They typically increase the amount of WRA 

in RCA mix design about 20% to account for slightly higher absorption and subsequent water 

demand, as RCA may decrease strength and slump, only able to use coarse.  

The association thinks the use of RCA as an aggregate in concrete will expand if the 

specifying agency allows using RCA in concrete.  

Most responses indicated that using RCA in concrete is a cost-effective way of disposing 

returned concrete and the interest in utilizing recycled concrete as coarse aggregate in 

concrete will continue to grow.  If the specifying agency allows using RCA in concrete, the 
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use of RCA as an aggregate in concrete may expand.  Lack of quality aggregate is one of the 

reasons to use RCA in concrete, for example, in Montana, due to the lack of quality 

aggregate in some areas, companies have to ship their concrete aggregate from hundreds of 

miles away. 

3.3 Survey to Construction Companies 

The survey questions to the contractors regarding their experience with RCA use in concrete 

are as follows: 

1. Has your company ever used crushed recycled concrete aggregate (RCA) as an aggregate 

in new concrete? 

2. Please describe how your company’s practices differ for the use of RCA compared to 

virgin aggregate in concrete. 

3. For which application(s) RCA is used as an aggregate in new concrete? For which 

application(s) RCA is commonly (often) used? 

4. What are your company’s testing requirements or quality control procedures for using 

RCA as an aggregate in concrete? 

5. Has your company encountered any problems in using concrete containing RCA? 

6. If DOT allows using RCA in concrete in transportation applications would your company 

select RCA as an alternative aggregate or concrete containing RCA? 

7. Please provide any additional comments you may have about your company’s use of 

RCA in concrete. 

A total of 18 construction companies responded, among them, six companies stated that they 

have used concrete containing RCA as an aggregate. 

Similar to the ready mixed concrete suppliers, construction companies use RCA in concrete 

for RCA in sidewalks, curb and gutter or slopes, controlled low strength material, and low 

volume roads; also in footings for lighting, signs or fences, pipe or pull box filer, lean 

concrete base, and culvert backfill.  These companies have not encountered main problems in 

using RCA; mix failure is limited and has not affected constructed products.  One company 

stated that the use of RCA requires increased water demand, the handling of RCA in plant 

can be a challenge and water demand of RCA can be higher otherwise the material did not 

come out of bins very well. 

The testing requirements and quality controls of RCA include air content and water demand. 

One company replaced 15% of the virgin aggregate both coarse and fine with RCA across 

most all their concrete mixes except architectural and ultra-high strength +10,000 psi.  

Another company in California produced several mixes for street base application that used 

100% coarse RCA and 50% fine RCA.  They have produced 6,000 psi structural concrete 

with 100% coarse RCA.  The use of coarse RCA is straightforward, while the use of fine 
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RCA has more challenges specific to handling through production and increased water 

demand in the mix. 

RCA is conditioned to assure SSD, combined aggregate RCA and virgin aggregates to meet 

ASTM C-33, grading, durability, LA abrasion. Several companies indicated that they would 

select RCA or concrete containing RCA as an alternative aggregate if DOT allows its use in 

transportation applications.  
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4.0 CONCRETE BRIDGE PROJECT SELECTION AND RCA PREPARATION 

4.1 Concrete Bridge Selection 

After careful review of the NCDOT STIP for 2016-2025, and meetings with the Engineers of 

NCDOT Divisions 1, 2, and 3, three candidate bridge construction projects were identified.  

The three bridge replacement projects selected were located in (i) Pasquotank Currituck 

County in extreme northeastern NC (Division 1); (ii) Beaufort County in central NC 

(Division 2), and (iii) Sampson County southeastern NC (Division 3).  Figure 4.1.1 shows the 

approximate locations of the bridges’ demolition sites where the old concrete bridge slabs 

were selected, marked, removed, and transported to concrete crushing plant, i.e., S.T. 

Wooten’s concrete recycling plant in Wilson, NC.  

The removed slabs were paint marked and piled at the jobsites and were transported later to 

the concrete crushing plant for further crushing, processing, and sampling. 

In general, the selected demolished concrete bridges were built in 1950-1960s and are in their 

60-70 years of age.  The bridges were reinforced concrete caps and supported by timber 

piles.  It was assumed that the concrete properties from the three projects were similar, which 

were proved later by laboratory testing.  More detailed information on the selected 

construction projects and bridges are as follows. 

4.1.1 Division 1 
 

The concrete slabs from Bridge #29 over the Little River in Pasquotank County, NC is 

located in northeast of the state of North Carolina.  The saw-cut slabs were delivered to S.T. 

Wooten’s Wilson plant for crushing and testing.  These slabs were made up the deck or 

riding surface of the structure prior to saw cutting for demolition and sat atop 18 rows of 6″ × 

14″ timber joists with reinforced concrete caps and timber piles.  No asphalt wearing surface 

was used.  The bridge, built in 1960, was a 4-span structure totaling 70 feet long.  This 

structure had been posted before the construction (maximum load reduced) which led to 

proceeding with replacement.   

Figure 4.1.2 presents the PI working with NCDOT Division 1 Engineers to review the plan, 

verify the construction schedule from contractor, and select the candidate bridge and slab to 

be removed for further processing.  The site visits were conducted in June 2017.  Original 

construction documents and records of the bridge are not available.  It was reinforced 

concrete deck and railing system.  It was assumed that it consisted of Type A Concrete, 

which has a 28-day compressive strength of 3,000 psi or higher.  
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Figure 4.1.1 The Location Where the Bridge Projects Selected in three locations 

 

 

Figure 4.1.2 The PI Working with NCDOT Engineers to Select a Project, Division 1 
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4.1.2 Division 2 

In NCDOT Division 2, the candidate bridge project identified was NCDOT Project 

#DB00342, Bridge #110 which is located near 5288 Slatestone Road, Washington, NC in 

Beaufort County.  

Bridge #110 was on SR 1507 (Slatestone Road) and was located 0.6 miles east of the 

junction of SR 1524 (Betsy Elbow Road).  This bridge was built in 1959 and demolished in 

2017 to make way for a new structure.  The bridge’s substructure was comprised of timber 

caps and piles.  The superstructure was comprised of a concrete floor on timber stringers.  At 

the time of demolition there was an asphalt wearing surface.  The reinforced concrete deck 

and railing system consisted of Type A Concrete, which has a 28-day compressive strength 

of 3,000 psi. 

Figure 4.1.3 shows the concrete was saw cut and slab was removed from the project site near 

5288 Slatestone Road, Washington, NC in Beaufort County. 

 

 

Figure 4.1.3 Concrete Slab from Bridge #10 in Beaufort County, NC, Division 2 

4.1.3 Division 3 

 

The bridge project selected in NCDOT Division 3 was Bridge #102 (Structure Number 

810103) which was located on SR 1882, (Autryville Road), Salemburg, NC in Sampson 

County, which is 0.5 miles east of junction with SR 1002.  
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According to NCDOT structure safety report, the superstructure of Bridge #102 consisted of 

reinforced concrete floor and timber joist.  The substructure included timber caps and piles. 

The construction year is not available.  It is assumed the bridge is over 60 years, and the 

reinforced concrete deck and railing system consisted of Type A Concrete, which has a 28-

day compressive strength of 3,000 psi. 

Figure 4.1.4 presents the panels removed from bridge from demolition site in Salemburg in 

Sampson County (NCDOT Division 3). 

 

 

Figure 4.1.4 Concrete Slab Selected in Sampson County, NC, NCDOT Division 3 

4.2 Processing of RCA and Sampling 

The selected concrete panels from three divisions were transported to S.T. Wooten plant and 

stockpiled separately with three color paint marked.  The slabs firstly crushed using a 

concrete pulverizer (Figure 4.2.1).  Figure 4.2.2 shows a close look of pulverizer and the jaw. 

The pulverizer removes the reinforcing steel (Figure 4.2.3).  In the meantime, the pulverizer 

brings the slabs down to smaller sizes which fit the jaw crusher.  Figure 4.2.4 presents the 

concrete slabs had been broken down to smaller sizes and were ready for crushing. In this 

project, Terex Finlay J-1170 Compact and Tracked Jaw Crusher was used for RCA 

processing, sieving and sizing.  The concrete debris was crushed, screened into 1.5-inch size, 

and underwent further magnetic separation at the same time within the machine, and the 

reinforcing steel was complexly removed after the initial pulverizing and crushing. 
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Figure 4.2.1 Pulverizer Used to Size and Remove Rebar 

 

 

Figure 4.2.2 Pulverizer Jaw  

Figure 4.2.5 shows the crushing machine was working to process the recycled concrete. 

Figure 4.2.6 shows the 1.5-inch screener was used for the purpose to collect coarse aggregate 

to meet the gradation requirements for concrete proportioning. 
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Although the traditional method and same basic equipment to process virgin aggregates can 

be used to crush, size, and stockpile RCA, the selection of crushing process can affect the 

amount of mortar that clings to the RCA particles and, therefore, the properties of the RCA.  

 

Figure 4.2.3 Reinforcing Steel was Removed After Pulverizing 

 

 

Figure 4.2.4 Sized Concrete for Crushing and Screening 
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Figure 4.2.5 Terex Finlay J-1170 Compact Crusher Used for RCA Processing 

 

 

Figure 4.2.6 A Separate 1.5-Inch Screener is Selected and Used for Sizing Crushed RCA 

Jaw crushers generally are more effective for producing higher quantities of RCA, but 

generally result in relatively high amounts of reclaimed mortar in RCA particles.  Impact 

crushers can be lower productivity, but more effective to remove mortar from RCA, therefore 

the coarse RCA is more similar to virgin aggregate, and more fine particles can be generated. 

The production of RCA is almost completed on site by this integrated equipment and selected 

screener.  Figure 4.2.7 shows the RCA after crushing and screening using 1.5-inch sieve for 
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sampling.  RCA materials were sampled and transported to the concrete lab in Garner, NC, 

for blending and testing (Figure 4.2.8). 

 

Figure 4.2.7 Crushed Recycled Concrete Aggregate 

 

 

Figure 4.2.8 Sampling of Recycled Concrete Aggregate, Division 1 

 

  



 

43 

 

4.3 Laboratory Testing of RCA Samples  

The materials used for concrete specimens include the recycled concrete aggregates from the 

above mentioned three locations from NCDOT Divisions 1, 2, and 3, crushed natural 

aggregate (CA, granite), natural sand, Type I cement, Class F fly ash, electric arc furnace 

steel slag, water reducer, air-entraining agent.  The properties of RCA and steel slag were 

examined for mix designs and concrete making. 

The RCA from three locations were tested in laboratory for sieve analysis, gradation, 

impurities, specific gravity, absorption, LA abrasion test, and potential alkaline-silica 

reaction test. 

4.3.1 Preparation of the RCA Samples 

 

After transported to the S.T. Wooten’s Concrete Lab in Garner, NC, the RCA samples from 

three locations were undergone screening test to (i) separate fine particle (less that #4 sieve 

or 4.75 mm) from coarse particles (particle size between #4 and 1.5 inch); (ii) examine the 

impurities, including metal, wood and/or asphalt pieces. Figure 4.3.1 exhibits the screening 

process by using the testing screen master sieve shaker.  No. 4, 1.5 inch, sieves and pan were 

use in this process. 

 

Figure 4.3.1 Screening to Obtain Particles Between #4 and 1.5 inch 

Impurities were noted, collected, and weighed. The percentages of the impurities are low for 

all the samples from three Divisions.  Table 4.3.1 summarizes the results which shows the 

impurities are 0.28%, 0.23%, and 0.26% respectively, with average of 0.26%.  Figure 4.3.2 
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shows the impurities separated from the coarse RCA.  From Table 4.3.1, it is seen that the 

impurities in the subject RCA samples are low and are within 0.3% which meets the required 

limit by the specification.   

 

Figure 4.3.2 Impurities from the Coarse RCA 

Fine particles passing #4 were separated and weighed in this process to determine the 

percentage range of fine particles generated from RCA crushing process.  This is an 

important indicator that will help to (i) evaluate the potential usage of each size fraction 

based on the quantity of fine particles generated during the crushing process; (ii) conduct 

economic benefit evaluation based on sizes of the RCA products.  The percentage range of 

fine particles (Table 4.3.1) are 39.0%, 49.6%, and 41.6% for the RCA samples from 

Divisions 1, 2, and 3, respectively, with an average of 43.4%, which conforms to the data 

from other research reports (Topçu and Şengel, 2004).  

Table 4.3.1 Particle Size and Impurities of RCA 

Samples Fines (Less Than #4) 

(%) 

Larger Than 1.5 Inch 

(%) 

Impurities 

(%) 

Coarse RCA 

Particles for 

Concrete Testing 

(%) 

Division 1 39.0 0.24 0.28 60.3 

Division 2 49.6 0.13 0.23 50.3 

Division 3 41.6 0.16 0.26 58.2 

Average 43.4 0.18 0.26 56.2 
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4.3.2 Sieve Analysis and Gradation 

The RCA samples from each division were blended and sieve analysis was conducted. 

NCDOT Standard Specifications for Roads and Structures (January 2018) provides typical 

gradations of various aggregates and their applications.  Table 4.3.2 summarizes #57, #67, 

and #78M aggregates for concrete mixes. 

The gradations for the three blended RCA samples are presented in Table 4.3.3.  The results 

indicate that the gradation of the crushed RCA samples marginally meets #57 stone 

gradation, with 1″ size being slightly smaller than the specified.  That means the RCA is 

slightly coarser at 1″ (25 mm) size.  It was decided no further crushing was conducted to 

verify the concrete strength properties using the available RCA as in general 10 mm particle 

size is optimal size to make high strength concrete.  Using the available RCA would place 

the results in a conservative or safe side.  Also, in RCA production practice, minor 

adjustment in crushing and screening is easy and will not create hurdle or difficult to produce 

final products that meet the gradation requirements. 

Table 4.3.2 NCDOT Specifications Table 1005-1 - Coarse Aggregate Gradation 

Std. 

Size # 

2″ 1 ½″ 1″ ¾″ ½″ #4 #8 ½″ #10 #16 #40 #200 

57 - 100 95-100 - 25-60 0-10 0-5 25-60 - - - 0-0.6 

67 - - 100 90-100 - 0-10 0-5 25-45 - - - 0-0.6 

78M - - - 100 98-100 20-45 0-15 98-100 - - - 0-0.6 

(Table Courtesy of NCDOT) 

 

Table 4.3.3 Gradation of the RCA Samples 

Sieve 

Size 

Percentage passing (%) #57 Stone gradation by 

NCDOT Division 1 Division 2 Division 3 

1.5″ 100 100 100 100 

1.0″ 89.5 86.5 83.7 95-100 

0.5″ 40.2 50.5 42.0 25-60 

#4 2.6 2.9 2.7 0-10 

 

4.3.3 Specific Gravity and Absorption Value 

It is known that RCA has several unique characteristics and properties that must be 

considered during the mix design and construction stages.  These properties include lower 

specific gravity, which decreases with increasing amount of reclaimed mortar; higher 

absorption, which increases with increasing amount of reclaimed mortar; greater angularity; 

increased abrasion loss, which increases with increasing amount of reclaimed mortar; 

presence of unhydrated cement, which may alter its behavior and complicate stockpiling, 
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especially the fines (passing #4 sieve); the fines produced during the crushing operation are 

angular, which may make RCA concrete mixtures very harsh and difficult to work.  For mix 

design considerations, bulk specific gravity and absorption were examined.  For this testing, 

AASHTO T 85 – 2014: Standard Method of Test for Specific Gravity and Absorption of 

Coarse Aggregate (Equivalent to ASTM Designation: C 127-15 Standard Test Method 

for Relative Density (Specific Gravity) and Absorption of Coarse Aggregate) was followed. 

Table 4.3.4 includes the results of the bulk specific gravity and absorption of the RCA 

samples from three locations.  The values of the three subject RCA samples are very close 

with the average of specific gravity of 2.27 and absorption value of 5.11%.  

Table 4.3.4 Specific Gravity and Absorption Value of the RCA 

RCA from Bulk Specific Gravity Absorption (%) Note 

Division 1 2.27 4.97 Average of two parallel 

samples for each material Division 2 2.25 5.33 

Division 3 2.29 5.02 

Average 2.27 5.11 

 

4.3.4 Potential Alkali-Silica Reactivity3 

It is understood that not all RCA is appropriate for use in concrete.  For example, RCA made 

from concrete exhibiting materials-related distress such as alkali-silica reactivity (ASR) or D-

cracking may not be used in concrete unless certain mitigation methods are employed.  

Additionally, RCA may contain high chloride contents due to extended exposure to deicing 

chemicals, which may make it unsuitable for use in reinforced concrete.  Although when 

selecting the candidate concrete bridges, it had been made clear that the old bridges 

demolished from NCDOT Divisions 1, 2, and 3 had not suffered ASR and D-cracking, the 

three RCA samples were examined for susceptibility of ASR.  ASTM C1260 Potential Alkali 

Reactivity of Aggregate, Mortar Bar Method was followed. 

Test results from the potential alkali reactivity of aggregate show that the RCA samples from 

three locations are 0.02%, 0.06%, and 0.02% at 14-day, and 0.05%, 0.10%, and 0.04% at 28-

day respectively. 

 

 

 

                                                 
3 The results of potential alkali reactivity of aggregate (Mortar Bar Method, ASTM C1260) is presented in the 

Appendices, Section 12.10. 
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4.3.5 LA Abrasion Test 

LA Abrasion Test was conducted according to AASHTO T 96 or ASTM C 131: Resistance 

to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles 

Machine.  The results indicate (i) the abrasion values of the three RCA samples are close; 

and (ii) the average of abrasion value is 35.6% (Table 4.3.5) which is within the range of LA 

abrasion values of RCA reported by literature, i.e., 30% - 50% (Topçu and Şengel, 2004). 

Table 4.3.5 LA Abrasion Test Results 

Materials Division 1 Division 2 Division 3 Average 

LA Abrasion Value 35.4% 35.7% 35.8% 35.6% 

 

4.3.6 Expansive Properties of Steel Slag Aggregate 

The advantages of steel slag as aggregates are well known (Wang, 2010, 2016; Arribas, et al., 

2015; Fronek, et al., 2012) in providing strength and durability.  To investigate the effect of 

steel slag aggregate on the strength of the concrete containing RCA, ¾″ (19-mm) EAF steel 

slag was sampled from Nucor Steel Plant in Cofield, Hertford County, NC and used in 

concrete batching.  Figure 4.3.3 shows the sampling of EAF slag at Nucor Steel Plant.  The 

steel slag samples were transported to ECU Construction Lab for stability disruption testing. 

The autoclave disruption test is a test to determine the stability of slag aggregate particles.  In 

this test, slag samples were separated into several particle size fractions.  After visual 

examination and petrographic analysis, a certain number, 50 coarse particles from each size 

fraction were chosen and washed, and then placed into an autoclave to be treated for three 

hours.  The ratio of the number of slag particles that show cracking, powdering, or containing 

visually observed cracks after treatment to the total number of slag particles selected is 

defined as the particle-disruption ratio R.  It is generally agreed that autoclave testing can 

accelerate the hydration of free lime and especially periclase, which has slow hydration rate.  

Therefore, this test can provide an assessment and indication of long-term stability of steel 

slag aggregate particles due to free magnesium and water reaction.  This is a simple test and 

has been proved it is useful and reliable.  The R value is an important factor in evaluating the 

overall stability of steel slag aggregate in concrete matrices where steel slag is incorporated 

and other constrained conditions. 

The volumetric stability of slag samples was tested using the above test method in a pressure 

cooker for three hours, and disruption ratios were calculated.  Figure 4.3.4 shows the slag 

particles after three-hour treatment.  The disruption ratio is zero.  The result indicates the slag 

particle is volumetrically stable under ambient conditions. 
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Figure 4.3.3 Sampling of Steel Slag Aggregate at Nucor Steel in Hertford County, NC 

 

 

Figure 4.3.4 EAF Steel Slag Aggregate After Pressure Cooker Treatment 
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5.0 CONCRETE MIX DESIGN, TESTING, AND RESULTS 

5.1 Mix Designs of Concrete Containing RCA4 

The crushed natural aggregate (CA) and RCA samples were washed and soaked and drained 

to maintain saturated surface dry (SSD) condition for concrete making in the Concrete Lab.  

The steel slag aggregate, produced at Nucor Steel Hertford, NC and processed by Harsco 

Metals in Cofield, NC, was sampled and tested (during the pioneer study in 2017).  The 

content of cement and fly ash and W/C ratio were kept the same as those of the control mix 

to examine the changes of fresh concrete properties and compressive strength.  The 

procedure and program employed for the mix design were kept the same as normal concrete 

production used in this study. 

The RCA and steel slag aggregates were soaked 24 hours then maintained in SSD condition 

before the concrete batching.  This is consistent with the current ready-mix concrete 

production practices.  

In principle, the mix design method and procedure used for the concrete containing RCA and 

steel slag aggregates is not different from that of conventional concrete because SSD 

condition s are maintained. 

In practice, depending on the purposes of the designs and products required, slight 

modifications are required.  These may include: 

To keep the same strength, when coarse RCA is used with natural sand, it may be assumed at 

the design stage that the W/C ratio required for a certain compressive strength may be the 

same for RCA concrete as for conventional concrete.  If trial mixes show that the 

compressive strength is lower than required, an adjustment of the W/C should be made which 

would be up to 5%.  In some cases, if free water content of an RCA concrete is increased, the 

cement content may also need to be higher to maintain the same W/C ratio. 

Literature suggests that the unit weights of concrete made using RCA are within 90% to 

100% of the control concrete mixture.  Air contents of RCA concrete are up to 5% higher.  

The optimum ratio of fine-to-coarse aggregate is the same for RCA as it is for concrete made 

from virgin materials.  

It is the practice and recommended that addition of superplasticizer is necessary for 

achieving the required workability of new concrete.  Higher than 50% RCA may cause 

higher shrinkage of concrete.  Although up to 50% of RCA was proposed in the proposal, 

100% of RCA was tested to check the strength development trend and other properties. 

                                                 
4 Detailed mix design forms are presented in Appendices, Section 12.8. 
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Five concrete mixes containing RCA samples, namely, 0%, 15%, 30%, 50%, and 100% were 

selected. 0% of RCA is a control mix.  This is a typical Class B mix that has been used.  The 

control mix was used for comparison with concrete mixes containing varied levels of RCA 

content.  All other parameters, including cement, fly ash, fine aggregate, natural coarse 

aggregate (crushed aggregate, CA), W/C, admixtures were kept the same to avoid 

unnecessary factors that could affect the properties of mixes and strengths.  Table 15.1.1 

presents the summary of the mix designs.  Properties of fresh concrete, including slump, unit 

weight, and air content are also presented in Table 5.1.1. 

Table 5.1.1 Summary of Mix Designs for the Concrete Containing RCA 

Mixes 

(Percent 

of RCA) 

Materials (in lb Per Cubic Yard) Fresh Concrete Properties 

RCA 67 Stone Cement Fly Ash Sand W/C Slump 

(in.) 

Unit 

Weight 

(pcf) 

Air 

Content 

(%) 

0%  0 1750 436 131 1192 0.47 3.5 147.7 3.5 

15% 227 1488 436 131 1192 0.47 3.5 140.9 5.5 

30% 453 1225 436 131 1192 0.47 1.5 143.5 4.5 

50% 755 875 436 131 1192 0.47 4.5 138.3 5.5 

100% 1510 0 436 131 1192 0.47 3.5 134.8 5.5 

 

To investigate the function of steel slag aggregate in nonstructural concrete containing 

recycled concrete aggregate, concrete mixes containing EAF steel slag and RCA samples, 

namely, 20% steel slag and 80% RCA, and 50% steel slag and 50% RCA, were prepared.  

Research reports have reported that the compressive strength of concrete containing RCA is 

lower than normal concrete with the increase of RCA content.  It is also reported that 

concrete containing coarse steel slag aggregate exhibits higher strength than ordinary 

concrete.  The electric arc furnace slag is produced in Eastern North Carolina by Nucor Steel 

– Hertford Plate Mill located Cofield.  The slag is processed by Harsco, Inc., Facilities.  The 

coarse slag aggregate was sampled and tested in summer and fall of 2017 and the results 

showed the slag was volumetrically stable and the concrete slices containing the EAF slag is 

stable under pressure cooker test.  A pioneer study was conducted before using the steel slag 

aggregate with RCA in this study. In the pioneer study, strength, stability of concrete 

specimens, micro level examinations were conducted (refer to Chapter 6, Engineering 

Analysis). 

Table 5.1.2 presents the summary of the mix designs for concrete containing RCA and steel 

slag. Properties of the fresh concrete containing EAF slag including slump, unit weight, and 

air content are also presented in Table 5.1.2. 

In the concrete batching, Darex® II AEA air entraining agent was used.  It is an air-

entraining admixture which generates a highly stable air void system for increased protection 

against damage from freezing and thawing, severe weathering, or deicer chemicals.  This 
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admixture is a complex mixture of organic acid salts in an aqueous solution specifically 

formulated for use as an air-entraining admixture for concrete and is manufactured under 

rigid control which provides uniform, predictable performance. 

MIRA® 85 was used as water reducer in the mixes.  It is a mid-range water reducer 

specifically formulated to produce concrete with enhanced finishing characteristics and 

neutral set times.  It provides superior water reduction and versatile mid-range water reducer 

performance across a wide range of concrete slump requirements.  It is an aqueous solution 

of complex organic compounds, each of which contributes uniquely to the concrete’s final 

properties.  

Figure 5.2.1 shows the equipment and materials were ready in front of the Concrete Lab 

before concrete batching. 

 

Figure 5.1.1 Equipment and Materials are Ready for Concrete Batching 

 

Table 5.1.2 Summary of Mix Designs for the Concrete Containing RCA and EAF Slag 

Mixes Materials (in lb Per Cubic Yard) Fresh Concrete Properties 

EAF 

Slag 

RCA Cement Fly Ash Natural 

Sand 

W/C Slump 

(in.) 

Unit 

Weight 

(pcf) 

Air 

Content 

(%) 

1-20%+80% 473 1078 436 131 1192 0.47 5.8 137.3 5.3 

2-50%+50% 1101 776 436 131 1192 0.47 6.0 143.3 4.3 

 

  



 

52 

 

5.2 Properties of Fresh Concrete 

5.2.1 Workability 

RCA concrete workability is strongly affected by the shape and texture of the coarse recycled 

aggregates surface.  By using the same W/C ratio, slightly increased water reducing agent is 

needed to keep the required workability.  However, for the mixes containing 15% to 100% 

RCA, the same amount water reducer (45.4 ml for two cubic feet batch) was used, the slump 

values are generally in the same level, i.e. 3.5 to 4.5 inch slump, except for the mix 

containing 30% of RCA which a system error might be introduced during design/batching.  

Figure 5.2.2 shows the slump test for fresh concrete. 

 

 

Figure 5.2.1 Slump Test for Fresh Concrete Containing RCA 

5.2.2 Unit Weight and Air Content 

The concrete samples were taken immediately for determination of unit weight (density) and 

air content tests after the concrete had been discharged from mixer. 

From Tables 5.1.1 and 5.1.2, it shows that the unit weight of concrete decreases with the 

increase of the RCA content.  The unit weight ranges from 147.7 pcf to 134.8 pcf from 0% 

RCA to 100% RCA.  

The results were anticipated for the concrete containing EAF slag and RCA.  For the concrete 

containing 20% EAF slag and 80% RCA the unit weight is 137.3 pcf comparing with the one 

containing 50% EAF slag and 50% RCA which weights 143.3 pcf.   
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Air contents of all mixes are within the range of 5.0% ± 1.5% that NCDOT Standard 

Specifications require for moderate exposure concrete. 

 

 

Figure 5.2.2 Unit Weight and Air Content Test of Fresh Concrete Containing RCA 
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5.3 Strength Related Properties5 

Concrete cylinders were stored in the standard curing room at S.T. Wooten Concrete Lab in 

Garner, NC for testing (Figure 5.3.1).  Cylinders were broken at 7-day, 28-day, and 90-day of 

age. The results of concrete containing RCA and RCA and steel slag are presented below 

respectively. 

 

 

Figure 5.3.1 Concrete Cylinders in Curing Room 

 

5.3.1 Strength of Concrete Containing RCA 

Table 5.3.1 presents the compressive strengths of the concretes from three divisions at the 

three ages. 

The results have confirmed that the use of RCA in substitution of virgin aggregates from 

15%, 30%, 50% to 100% can make concrete meet NCDOT Class B concrete (2,500 psi at 28-

day) and, however, slightly lower strengths.  Concrete made with 100% coarse RCA reached 

2,500 psi at 7-day of age.  The strength differences between 0% RCA and 100% RCA are in 

20% for 90-day strength, 24% for 28-day strength, and 18% for 7-day strength.  In between, 

0% to 100% RCA, the declining trend follows an approximate straight line.  Figure 5.3.2 

presents the strength declining trend based on the averaged compressive strength value for 7-

day, 28-day, and 90-day.  

 

 

                                                 
5 Detailed 7-day, 28-day, and 90-day strength test record for all cylinders are presented in Appendices, Section 

12.9. 
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Table 5.3.1 Summary of Compressive Strength of Concrete containing RCA 

Location Age Compressive Strength at 7-day, 28-day, and 90-day (psi) 

0% RCA 

100%CA* 

15% RCA 

85% CA 

30% RCA 

70% CA 

50% RCA 

50% CA 

100%RCA 

0% CA 

Division 1 7-day 3,410 3,164 3,488 2,851 2,825 

28-day 5,466 5,011 5,379 4,375 4,312 

90-day 6,205 5,747 6,260 5,160 5,049 

Division 2 7-day 3,410  3,308 3,635 2,992 2,845 

28-day 5,466 4,798 4,900 4,311 4,193 

90-day 6,205 6,018 5,940 4,999 5,026 

Division 3 7-day 3,410 3,329 3,634 2,986 2,873 

28-day 5,466 4,992 5,209 4,267 3,909 

90-day 6,205 5,848 5,608 4,924 4,791 

Average 7-day 3,410 3,267 3,586 2,943 2,848 

28-day 5,466 4,934 5,162 4,318 4,138 

90-day 6,205 5,871 5,936 5,028 4,955 

 *Note: CA denotes crushed natural aggregate. 

 

 

 

 

 

Figure 5.3.2 Compressive Strength For Concrete Containing RCA 
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5.3.2 Strength of Concrete Containing RCA and EAF Slag Aggregate 

 

Concrete cylinders containing RCA and EAF slag were broken at 7-day, 28-day, and 90-day 

of age.  Table 5.3.2 presents the summary of the results.  Figure 5.3.3 shows breaking 90-day 

cylinders with 50%+50% RCA and steel slag aggregates.  

The results have confirmed that the use of RCA and EAF slag as coarse aggregate meets the 

strength requirements at 7-day (3,168 psi, 20% slag + 80% RCA).  Conforming to what has 

known, the strength increases with the content of slag increases.  The strength increases by 

11%, 14%, and 2% for 90-day, 28-day, and 7-day respectively from 20% to 50% of EAF 

slag.  Figure 5.3.4 presents the strength gains of the concrete containing 25% slag and 50% 

EAF slag. 

Table 5.3.2 Summary of Compressive Strength of Concrete with RCA and EAF Slag 

Age Compressive Strength at 7-day, 28-day, and 90-

day (psi) 

0% EAF 

Slag; 100% 

CA 

20% EAF 

Slag; 

80% CA 

50% EAF 

Slag; 

50% CA 

7-day 2,848 3,168 3,241 

28-day 4,138 3,838 4,373 

90-day 4,955 4,939 5,504 

Note:  Blended RCA from Divisions 1, 2, and 3 were used;  

 

 

 

Figure 5.3.3 Breaking 90-day Cylinder Containing RCA and EAF Slag Aggregate 
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Figure 5.3.4 Compressive Strength for Concrete Containing RCA and EAF Slag 

  



 

58 

 

6.0 ENGINEERING ANALYSIS 

6.1 Strength Related Properties 

Table 6.1.1 presents the requirements for Class B concrete by NCDOT Specifications.  For 

comparison, the requirements for Class A concrete is also included in the table.  From Tables 

5.3.1 and 5.3.2 it can be seen that  

• all the mixes including the mixes containing RCA and RCA with EAF slag 

replacement gained the strength requirements for Class B concrete at 7-day of age 

(2,500 psi at 28-day);  

• all the mixes including the mixes containing RCA and RCA with EAF slag 

replacement meet the strength requirements for Class A concrete at 28-day of age 

(3,000 psi at 28-day); 

• in general, the strength decreases with the content of RCA increase at 7-day, 28-

day and 90-day strength trend;  

• by replacing 20% and 50% of RCA by steel slag aggregate, strength increases at 

7-day, 28-day and 90-day of age;  

• the percentage strength loss comparing with control mix is in the range of 4.2%-

16.5%, 9.7%-24.3%, and 5.4%-20.1% respectively for 7-day, 28-day, and 90-day 

strength (Table 6.1.2). 

• The strength increases or strength loss is reduced when steel slag is added (Table 

6.1.3)   

Table 6.1.1 NCDOT Specifications Table 1000-1 - Requirements for Concrete 

Class of 

Concrete 

Minimum 

Comp. 

Strength 

at 28-day 

Maximum W/C Ratio Consistency Max. Slump Cement Content 

Air-

Entrained 

(Rounded) 

Air-

Entrained 

(Angular) 

Vibrated Non 

Vibrated 

Vibrated Non 

Vibrated 

A 3,000 0.488 0.532 3.5 4 564 677 

B 2,500 0.488 0.567 2.5 4 508 610 

(Table courtesy of NCDOT) 

 

Figure 6.1.1 shows the saw-cut specimens of concrete containing 15%, 30%, 50%, and 100% 

of RCA aggregate and concrete with 20% and 50% replacement of RCA with EAF slag 

aggregate.  The volumetric stability of concrete containing EAF slag was conducted in the 

pioneer study (Section 6.3) by pressure cooker treatment.  

Table 6.1.2 Strength Loss for RCA Concrete 

Age Strength Loss 

15% RCA 30% RCA* 50% RCA 100% RCA 

7-day -4.2% - -13.7% -16.5% 

28-day -9.7% - -21.0% -24.3% 

90-day -5.4% - -16.1% 20.1% 

*Data not calculated. 
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Table 6.1.3 Strength Loss and Gain for Concrte with EAF Slag 

Age 

Strength Loss and Gain (-; +) 

Compare with Control Mix Compare with 100% RCA Mix 

20% EAF Slag 50% EAF Slag 20% EAF Slag 50% EAF Slag 

7-day -7.1% -5.0% +11.2% +13.8% 

28-day -30.0% -20.0% -7.2% +5.7% 

90-day -20.4% -11.3% -0.3% +11.1% 

 

When a conventional aggregate is replaced by a recycled aggregate such as RCA or slag, it is 

interesting to investigate any possible changes between the coarse aggregate and cement 

paste, mechanically, physically in macro- or micro-levels.  Sections 6.2 and 6.3 summarizes 

the related study and findings. 

 

Figure 6.1.1 Saw-Cut Specimens Containing RCA and EAF Slag Coarse Aggregate 

6.2 Aggregates/Mortar Interface Verification  

Portland cement concrete is a structural sensitive material.  That means any localized failure 

could result in the entire structure failure.  Concrete is a brittle material, which is contributed 

by (i) the phase of cement paste (mortar); (ii) the phase of aggregates, and (iii) the phase of 

interface transition zone (bonding) between aggregate and cement paste. 

To investigate any changes that could happen in the three-phase system due to RCA 

incorporation, the concept of brittleness index is introduced.  The brittleness index is 

obtained from the cyclic repetitive loading and the full stress-strain (σ-ε) curve of each 

cylinder (Figure 6.2.1) and is defined as in Figure 6.2.2. Figure 6.2.3 is a specimen under 

testing to obtain the full stress-strain curve. 

As illustrated in Figure 6.2.2, brittleness index B is calculated as the ratio of the area of 

elastic recovery (elastic deformation energy) to that of the nonelastic portion (irreversible 

deformation energy) corresponding to the peak point of the σ–ε curve (i.e., B = area II/area 

I). 
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Figure 6.2.1 A Full Stress-Strain (σ-ε) of 50% RCA and 50% EAF Slag Concrete  

 

Figure 6.2.2 Defined Brittleness Index by Using Full σ-ε Cyclic Curve and Areas 
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Figure 6.2.3 Specimens to Obatin Cyclic Full σ-ε Curve  

 

The results are presented in Table 6.2.1 for four mixes, namely, 15%, 30%, 50% and 100% 

RCA and Table 6.2.2 for two mixes containing 20% and 50% of EAF slag.  

For concrete containing RCA, it shows that there is slight increase in terms of brittleness 

index but it is considered not significant (can this be modified by adding fine particles of 

processed tire rubber? It is discussed later).  For two concrete mixes with replacement of 

EAF slag, the similar trend is found. Figures 6.2.4 and 6.2.5 plot the data obtained from 

testing and calculation. 

Table 6.2.1 Brittleness of RCA Concrete from Full σ-ε Curve 

Mixes Area II Area I B = II/I 

15% RCA + 85% CA 1.434 0.591 2.426 

30% RCA + 70% CA 1.593 0.526 3.030 

50% RCA + 50% CA 1.210 0.450 2.690 

100 RCA + 0% CA 1.215 0.433 2.903 
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Figure 6.2.4 Brittleness Index vs. RCA Content 

 

Table 6.2.2 Brittleness of RCA + Slag Concrete from Full σ-ε Curve 

Mixes Area II Area I B = II/I 

20% EAF Slag + 80% RCA 1.010 0.331 3.052 

50% EAF Slag + 50% RCA 1.1584 0.3706 3.126 

 

 

 

Figure 6.2.5 Brittleness Index vs. RCA and EAF Slag Content 
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6.3 Pioneer Study for the Use of RCA and Other Recycled Materials 

Using a recycled or nontraditional material in concrete or construction is a complicated 

process which requires a thorough understanding of the virgin material, the recycled 

material(s) involved, the designated end product, and their interactions. 

Blending use of RCA with another recycled material(s) to make concrete may modify and 

enhance the properties and performance of the concrete (or other end product).  It is 

imperative to develop a wide range of environmentally acceptable, technically sound, and 

economically viable uses for RCA and other recycled materials and to transfer various 

“waste” streams, into useful material “resource” streams.  During the project selection, 

transportation and crushing concrete panels, a pioneer study was conducted in 2017.  The 

purpose of the pioneer study was to (i) prepare for the forthcoming laboratory study on using 

RCA in concrete, especially conduct trial testing using EAF slag with RCA in concrete to 

verify the feasibility; (ii) to obtain technical information and preparation for future study of 

using RCA and broader locally available recycled materials in Eastern North Carolina.  

6.3.1 Materia Selection 

To incorporate other recycled materials with RCA in nonstructural concrete for this research 

project and future studies, EAF slag and shredded scrap tire rubber (STR) were selected for 

the pioneer study.  

The main purpose to use EAF slag and STR in the pioneer study is to verify the strength of 

concrete with the recycled materials and micro-level observations on the interface transition 

zone between aggregate and cement paste (mortar).  By testing the sampled slag, a decision 

can be made during the RCA concrete batching to make the testing work efficient and 

effective. 

Scrap tires are generated each year in North Carolina.  Ground tire rubber (GTR) use in road 

paving is successful, however the utilization rate is low.  In a recent report (NAPA, IS #138), 

over 30 states have increased the use of processed scrap tire in infrastructure construction.  

The STR used in this study is produced by Liberty Tires Recycling in Cameron, NC. 

Other reasons to select the EAF slag and STR include that (i) both materials are locally 

available processed recycled materials in North Carolina; (ii) steel slag possesses excellent 

mechanical properties, however the density of EAF slag is heavy in nature.  STR has notable 

lighter weight.  Blending use of them with RCA in nonstructural concrete may modify the 

properties of the concrete; (iii) EAF slag can contribute concrete strength, however it is may 

be volumetrically expansive prone.  Adding STR may eliminate potential expansion; and 

make similar strength concrete containing natural aggregate and similar unit weight; (iv) by 

adding appropriate amount of STR, elastic energy ratio of the concrete may change to make 

the concrete is less brittle (brittleness index is defined by Figure 6.2.2); (v) the elastic nature 
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of rubber would allow certain expanded volume in steel slag (if any) to be absorbed if used 

as bound and unbound applications.  Figure 6.3.1 shows the EAF slag and STR samples for 

physical property testing before batching. 

 

 

Figure 6.3.1 EAF Slag and Shredded Scrap Tire Rubber (STR) for the Pioneer Study 

6.3.2 Strength Related Properties  

 

Mix designs for the pioneer study included 0% of EAF slag, 35% of EAF slag, 65% EAF 

slag, and 100% of EAF slag. Each mix has 25% STR fine aggregate and 100% natural sand.  

The mix designs are presented in Table 6.3.1. 

Table 6.3.1 Mix Proportions of Concrete in Pioneer Study 

Mixes Coarse Aggregate Fine Aggregate Cementitious 

Materials 

W/C 

Ratio 

Natural 

Aggregate  

EAF Slag Natural 

Sand 

STR Portland 

Cement 

1 100% 0% 100% 0% 596.5lb/cy 0.57 

2 100% 0% 75% 25% 596.5lb/cy 0.57 

3 0% 100% 100% 0% 596.5lb/cy 0.57 

4 0% 100% 75% 25% 596.5lb/cy 0.57 

5 65% 35% 100% 0% 596.5lb/cy 0.57 

6 65% 35% 75% 25% 596.5lb/cy 0.57 

7 35% 65% 100% 0% 596.5lb/cy 0.57 

8 35% 65% 75% 25% 596.5lb/cy 0.57 

 

Figure 6.3.2 presents saw-cut slices of the concrete (i) 100% natural coarse aggregate; with 

75% of natural sand and 25% of STR; (ii) 35% natural coarse aggregate and 65% EAF slag; 

with 75% of natural sand and 25% of STR.  
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The concrete cylinders containing steel slag were saw cut and treated under pressure cooker.  

All the slices are stable, no distress is observed after the treatment (Figure 6.3.3).  The results 

in the pioneer study helped make the decision for the mixes by adding steel slag coarse 

aggregate.  

Table 6.3.2 Strength Realted Properteis 

Mixes 28-day 

Compressive 

Strength (psi) 

Modulus 

× 106 (psi) 

Brittleness 

Index 

Bulk Specific 

Gravity 

(pcf) 

1 4,970 3.097 - 148.2 

2 5,220 2.492 - 138.8 

3 5,680 4.662 - 153.6 

4 3,260 4.711 - 146.5 

5 5,830 6.697 4.580 162.0 

6 3,160 3.761 - 151.5 

7 5,720 5.797 - 163.0 

8 3,080 4.403 3.347 154.9 

 

 

Figure 6.3.2 Slices of Concrete Containing STR, Slag, and Natural Aggregates 
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Figure 6.3.3 Concrete Containing Nucor Steel Slag after Pressure Steam Trentment  

 

6.3.3 Micro-level Observations of Concrete Containing EAF Slag and STR 

 

Saw cut concrete slices from the eight mixes were observed by using Leica MZ125 

Stereoscope and Quanta 200 FEG Scanning Electron Microscope (SEM).   

Observations under Leica MZ125 Stereoscope  

Figure 6.3.4 shows missing STR fine particle on concrete slice surface.  

Figure 6.3.5 shows the interface between STR and cement mortar under MZ125 Stereoscope 

100 × magnification (Mix 4).  Gap between STR particle and cement paste was found on the 

cut slice of Mix 4 concrete.  

Figure 6.3.6 shows pores on the surface of the slice.  

Figure 6.3.7 shows Interface boundary between EAF slag particle and cement mortar. 

Observations under Quanta 200 FEG SEM 

Figure 6.3.8 presents cement paste image under 2500 × magnification on a saw-cut specimen 

in Quanta 200 SEM variable pressure low vacuum mode with 20 kV, spot 4.5, Bach-

Scattered.  Electrons were used to form image.  

Figure 6.3.9 shows EAF slag surface image under 2100 × magnification in Quanta 200 SEM 

Variable pressure low vacuum mode with 20 kV, spot 4.5, Bach-Scattered. Electrons were 

used to form image. 
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Figure 6.3.10 points the approximate position where imagess on Figures 6.3.7, and 6.3.8 

were taken. 

Figures 6.3.11 and 6.3.12 show the hydrates on the interface transition zone between slag and 

cement (Mix 7) in 4000 × and 8000 × magnification respectively.  Quanta 200 SEM Variable 

pressure low vacuum mode with 20 kV, spot 4.5, Bach-Scattered, and electrons were used to 

form image. 

 

 

Figure 6.3.4 Missing STR Fine Aggregate Particles on Concrete Surafce 

 

Figure 6.3.5 Interface Between STR and Mortar Leica MZ125 Stereoscope 100 × 
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Figure 6.3.6 Pores on the Surface of the Slice, Leica MZ125 LED Lighting 8.0 × 

 

 

Figure 6.3.7 Interface Between EAF Slag Particle and Mortar, Leica MZ125 16.0 × 
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Figure 6.3.8 Cement Paste Image Under 2500 × Magnification of Cut Specimen 

 

 

Figure 6.3.9 Image of EAF Slag Surface, 2100 × 
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Figure 6.3.10 The Location Where Images 6.3.6, 6.3.7, and 6.3.8 Taken 

 

 

Figure 6.3.11 Hydrates on the Transition Zone Between Slag and Cement 4000 ×  
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Figure 6.3.12 Hydrates on the Interface Transition Zone Slag-Cement, 8000 ×  

 

6.3.4 Conclusions Drawn from the Pioneer Study 

From the pioneer study, it was found that the EAF slag sample proposed to be used is 

volumetrically stable under pressure cooker treatment.  Concrete slices with EAF slag with or 

without fine STR are volumetrically stable after pressure cooker treatment.  

Compressive strength of the concrete containing EAF slag increases with the increase of the 

content of the slag. All mixes conform to the requirements of Class B concrete requirements. 

Fine STR lowers the 28-day compressive strength slightly.  From Table 6.3.2, the brittleness 

index is reduced when EAF slag is lower and with fine STR aggregate is added. 

Brittleness index which is defined as the ratio of elastic deformation energy and irreversible 

deformation energy.  This is a proper method to measure any mechanical behavior changes in 

terms of the aggregate and cement mortar interface transition zone by adding nontraditional 

coarse aggregates. 
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7.0 COST ANALYSIS, ECONOMIC AND ENVIRONMENTAL BENEFITS  

The use of recycled concrete aggregate as a coarse aggregate in new concrete represents an 

inevitable trend.  This is not only because the technical feasibility exists as proved in the 

previous chapters in terms of laboratory testing and comparison (RCA and concrete 

containing RCA), also because increasing cost of dumping demolished concrete to landfilling 

site and increasing cost of natural aggregates.  More importantly, the significance also lies in 

the growing concerns over the environmental impact of aggregate extraction and the 

continued rise in aggregate demand in Eastern North Carolina.  A brief analysis on the direct 

cost of using RCA in nonstructural concrete and the benefit in environmental aspect are 

provided as follows. 

7.1 Direct Cost Comparison of Concrete Containing Normal Aggregate and 

RCA  

Cost related data were collected from the industry by interviewing ready mix concrete 

producers.  The cost includes concrete composing materials, transportation, and landfilling 

cost for demolished concrete debris. 

For demolished concrete landfilling, the cost is approximately $20/ton in Eastern North 

Carolina.  The cost of natural concrete aggregate is approximately $25-$30/ton in Eastern 

North Carolina.  The cost of RCA is in the range of $10.0 - $16.0/ton including crushing, 

magnetic removal, processing and moisture maintaining at concrete plant.  Table 7.1.1 

presents the summary of some materials’ cost.  The table keeps the dollar values of natural 

aggregate and RCA blank.  Since coarse account for approximately 50% of the quantity of 

concrete and 20% of the total cost, by using the table and the equation provided below, the 

actual cost of RCA concrete and/or savings can be calculated. 

Table 7.1.1 Summary of Concrete Composing Materails Cost  

Materials Cost ($) 

 Cost/Ton Cost/lb 

Type I Cement 141.42 0.07071 

Fly Ash 61.20 0.03060 

Ground Blast Furnace Slag 110.00 0.0550 

NCDOT #67 Stone - - 

Natural Sand 9.35 0.00468 

Darex II 2.86 0.0223 

Mira 85 5.86 0.0458 

Recycled Concrete Aggregate - - 

The materials cost for normal Class B concrete ranges from $55 - $65 per cubic yard.  For 

Class B concrete the natural coarse aggregate cost accounts for approximately 25% of the 

total.  If 50% natural coarse aggregate is replaced by RCA, savings will be obvious (10-20%) 

for Class B concrete. 
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To calculate the savings by replacing natural aggregate with RCA, the following equation is 

developed to estimate the approximate savings. 

CSCY = CCA (TA -TA RR) - CRCA  TA  RR 

Or, in another form: 

CSCY = CCA  TA - TA  RR (CCA - CRCA) 

Where: 

• CSCY = cost savings (actual cost after replacement of RCA) per cubic yard of 

concrete, $/cy; 

• TA = total coarse aggregate in one cubic yard of concrete, ton/cy; 

• CCA = cost of natural aggregate, $/ton; 

• CRCA = cost of recycled concrete aggregate, $/ton; 

• RR = Replacing rate, from 0% to 100%. 

By using the unit prices included in the mix design forms (see Chapter 12 Appendices, 

Section 12.8) the cost differences can be calculated.  Using the numbers that slightly variable 

in Eastern North Carolina gives that if RCA is used to replace 50% of natural crushed 

aggregate, approximately 10% - 20% savings per cubic yard of concrete can be achieved.  
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7.2 Economic and Environmental Benefits  

In addition to the direct costs that can be calculated based on unit prices of materials, the 

significant impact to natural resources and environment protection due to aggregate mining 

needs to be considered.  

Global climate change is the critical challenge human beings are facing on Earth in the 21st 

century.  Climate change by human activities releasing an over-abundance of greenhouse 

gases into the atmosphere.  Construction is one of the largest industries in the world.  The 

construction industry constitutes around one-tenth of gross domestic product worldwide.  In 

the US, the construction industry (including aggregate and quarry operations) is a major 

player in the nation's economy, contributing over $1 trillion including $770.4 billion of 

private construction and $316.6 billion in the public sector (Wang, 2016).  Construction 

activities consume tremendous amounts of materials, including concrete and aggregate, 

which are made from winning and processing natural minerals.  During this process, a huge 

amount energy is used, and greenhouse gas emission takes place.  Reuse and recycle 

construction materials including concrete can significantly save natural resources and 

contribute to sustainability in environmental, social, and economic aspects.  The benefits of 

sustainable design and construction, materials and method selection offer the potential to 

change the way in which we as humans face the challenges in the future.  These challenges 

are not insignificant. 

The quarry and mining industry have been the focus of environmental and social controversy. 

Mining and quarry impacts are many and varied.  It is not uncommon that economically 

valuable rocks deposits do not occur below low-value surface environments, which are some-

times located in or near ecological reserves and protected areas. 

Pressures on the environment from aggregate and rock extraction, wastes generated, and 

related emissions have increased because quarry activities have generally moved from small 

or rural areas to large surface and densely populated areas.  In terms of emissions, the quarry 

and mining industry is not unlike other industries, easily accessible rock reserves diminish 

over time; consequently, quarry and mining projects often last only 20-40 years, although 

occasionally longer. 

Pollution occurs due to extracted and processed aggregate, as does altered physical-chemical 

conditions at the quarry site.  Societies can respond to mining or quarry-induced changes in a 

variety of ways.  One is the reduction of demand for natural aggregates through substitution 

of traditional materials with recycled ones.  Demand can be further reduced by product 

recycling; by reworking of various “wastes” as secondary resources; and by use of material 

efficient technologies. Although necessarily long term, ultimately such measures can relieve 

pressure on the environment.  
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In the cement industry, a large percentage of the weight of limestone is released as CO2.  In 

addition to CO2 release and energy use, mining of limestone and other minerals, the major 

raw material in cement, or aggregate can cause habitat destruction, increased runoff, and 

pollutant release to the air and water.  Some limestone mining operations are abandoning 

open-pit mining techniques in favor of underground mining. This technique may reduce 

some habitat and pollution impacts yet may increase cost. 

Also, the production of cement is an energy-intensive process using primarily fossil fuel 

sources.  Cement comprises about 10% of a typical concrete mix but accounts for 92% of its 

energy demand.  An average of almost 5 million BTUs is used per ton of clinker.  In 2004, 

the cement sector consumed 422 trillion BTUs of energy, almost 2% of total energy 

consumption by US manufacturing.  Emissions from portland cement manufacturing include 

carbon dioxide (CO2), particulate matter, carbon monoxide (CO), sulfur oxides (SOx), 

nitrogen oxides (NOx), total hydrocarbons and hydrogen chloride (HCl), and fine particles of 

PM2.5 (particulate matter with a diameter less than or equal to 2.5 μm) are the greatest cause 

for concern as they have the greatest negative impact on human health. 

Aggregates, which make up between 60% and 75% of the concrete volume, are either mined 

or manufactured.  The primary impacts of aggregate extraction and processing are habitat 

alteration and fugitive dust. It is difficult to capture dust in operations of mining and blasting, 

quarry roads, loading and unloading, crushing, screening, and storage piles.  Primary impacts 

of crushed rock, aside from mining impacts, stem from fugitive dust released during crushing 

and screening operations.  Processing of aggregates, particularly the commonly used silica 

sand, releases particulates into the air that can cause eye and respiratory tract irritations in 

humans. 

Mining, dredging, and extraction of sand and gravel alter plant and animal habitats and 

contribute to soil erosion and air and water pollution.  Mining for sand and gravel near or in 

water bodies causes sedimentation and pollution in water and disrupts aquatic habitats.  The 

operation of mining equipment consumes energy and releases emissions from internal 

combustion engines.  Energy to produce coarse and fine aggregates from crushed rock is 

estimated by the Portland Cement Association's Life Cycle Inventory to be 35,440 kJ per ton.  

The energy to produce coarse and fine aggregate from uncrushed aggregate is 23,190 kJ per 

ton. 

The concept of sustainability has gained popular momentum over the last 20 years.  The 

goals of sustainability are to enable all people to meet their basic needs and improve their 

quality of life, while ensuring that the natural systems, resources, and diversity upon which 

they depend are maintained and enhanced, for both their benefit and that of future 

generations.  There exists a significant opportunity to mitigate environmental problems 

associated with construction activities while contributing to a high quality of life for the 
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society.  The construction industry is beginning to adopt the concept of sustainability in all 

construction activities including using RCA in transportation infrastructure construction.  

Use of RCA can contribute to environmental sustainability, and to economic sustainability 

and social sustainability indirectly. 

Recycled RCA, along with others such as and slags, pulverized rubber tires, and other post-

industrial recycled materials that serve as nonconventional materials for construction 

applications can provide and maximize both technical benefit and economic and 

environmental benefit.  
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8.0 CONCLUSIONS  

This research has investigated the feasibility of using crushed and processed recycled 

concrete aggregate in making nonstructural concrete (Class B). Based on the project’s 

requirements, a thorough literature review, survey to state highway agencies, ready mix 

concrete suppliers, and construction companies, three bridge demolition projects were 

selected.  The concrete slabs were transported to processing plant, crushed, and processed.  

Recycle concrete aggregates were sampled and tested.  Concrete mix designs were conducted 

for 0%, 15%, 30%, 50% and 100% RCA replacement.  The strength results and other 

properties of the RCA concrete conform to the research results obtained previously by other 

researchers.  The results indicate that the coarse recycled concrete aggregate processed in 

Eastern North Carolina can be used to make Class B concrete, and there are potential 

economic benefits if the recycled concrete aggregate is used in this region.   

From this study, it is proved that the recycled concrete aggregate from three NCDOT 

Divisions is a good aggregate material after proper processing, including slab removing, 

crushing, sieving, which can be used in similar situations as virgin natural aggregate.  RCA 

possesses different properties from natural aggregate, mainly because the resultant crushed 

material is composed of both original natural aggregate and reclaimed mortar, which may 

affect the properties and behavior of concrete produced with RCA, specific steps may be 

needed to be taken in the design and construction process. 

8.1 Candidate Concrete Bridge Selection and RCA Processing 

The typical bridge demolition projects in ENC are suitable for recycled concrete aggregate 

processing.  The results have indicated that the RCA properties obtained from the three 

bridges selected for this project are very similar in terms of unit weight, absorption value, LA 

abrasion value, fine particles generated.  As the main contaminated or impurity materials 

come from the stockpiling and processing stage, all candidate bridges and concrete structure 

should be marked and stockpiled separately for concrete RCA processing if used as an 

aggregate in concrete. 

8.2 The Properties of Processed RCA 

The crushed RCA contains 39% to 49% of fine particle passing #4 sieve.  This is typical for 

RCA undergone jaw crushing.  The impurities is below 0.3%.  From observation, the 

impurities come from storage and processing stage not from the concrete slabs. 

The gradation by NCDOT can be met if sieving control is maintained.  The gradation control 

is necessary to ensure the final product to meet the graduation requirements of the coarse 

aggregates. 
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8.3 Fresh RCA Concrete and Strength Related Properties  

8.3.1 Mix Design 

It is proved that the conventional mix design method can be used for concrete incorporating 

RCA.  As usual, bulk specific gravity and absorption values of RCA must be carefully 

measured and included in the composing material calculation.  

Although the research plan was to investigate the practicality of using up to 50% RCA to 

replace natural concrete, the mixes of 100% of RCA was also conducted to verify the 

strength development trend and other factors which can be used to determine the optimal 

content of RCA and RCA properties.  

All the design parameters required by NCDOT Specifications for Class B concrete are 

generally met. Minor adjustment will not affect the strength and other major properties of 

fresh and hardened concrete.  Water reducer was slightly adjusted due to the high void ratio 

and absorption value of the RCA aggregate. 

8.3.2 Fresh Concrete 

Residual adhered mortar on aggregate is the major factor that influences the density, 

porosity, and water absorption of RCA, therefor the RCA concrete.  It is found that the unit 

weight of concrete containing RCA decreases by 8.7% from control mix to 100% RCA mix.  

The unit weight reduction is mainly because the bulk relative density of RCA is 

approximately 7-9% lower than that of natural aggregate.  The residual mortar in RCA with 

higher pore ratio causes the lower density of RCA. 

When 20% and 50% EAF slag were added to replace the RCA, unit weight increased from 

134.8 pcf to 137.3 pcf and 143.3 pcf respectively, comparing the control mix with 147.7 pcf 

of unit weight.  This indicates that by using two recycled materials (RCA and EAF slag) the 

concrete strength can be higher than ordinary concrete or RCA concrete, and the density can 

be similar to or lower than ordinary concrete.  

Slump test results indicate that the workability is consistent in 3.5 inch to 4.5 inch6 with 

approximately adjusted content of water reducer. This range indicates that the concrete with 

RCA coarse aggregate meets the workability requirements by NCDOT Specifications (2018) 

for Class B concrete, with or without adjustment of water reducer (Table 1000-1 of NCDOT 

Specifications (2018) specifies 2.5 inch for vibrated concrete and 4.0 inch for non-vibrated 

concrete).  

                                                 
6 Except for the mix with 30% RCA. There might be a system error occurred in the mixing process for 30% 

RCA mix.  
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The slump tests for concrete with 20% and 50% of RCA replaced with EAF slag, the slum 

values are 5.8 and 6.0 inch, respectively. 

Air contents test results for RCA concrete containing 15% to 100% RCA range from 4.5% to 

5.5%.  The results indicate that the air content generally meet the requirements by NCDOT 

Specifications for Class B concrete, with or without minor adjustment of air entraining agent. 

Table 1000-1 of NCDOT Specifications (2008) specifies 0.488 for rounded aggregate and 

0.567 for angular aggregate for Class B concrete. 

Similar to RCA concrete, when 20% and 50% of RCA are replaced with EAF slag, the air 

content is 5.3% and 4.3% for 20% replacement and 50% replacement, respectively. 

From the properties of unit weigh, slump, and air content test results, the concrete mixes 

containing RCA and with EAF slag can be satisfactory in terms of workability, durability 

requirement by using sump values and entrained air content criteria.  

8.3.3 Strength Related Properties 

All concrete specimens with RCA and EAF slag were tested at 7-day, 28-day, and 90-day of 

age.  In general the results show that all RCA concrete mixes overwhelmingly surpass the 

requirement for Class B concrete (2,500 psi at 28-day).  

The minimum strength reached at 7-day is 3,168 psi (20% slag + 80% RCA). Strength gains 

up to 14% at 90-days.  

Strength decreases with the increased content of RCA aggregates at 7-day, 28-day and 90-

day of age.  All the mixes including the mixes containing RCA and RCA with EAF slag 

replacement gained the strength at 7-day for Class B, i.e., 2,500 psi at 28-day.  

All the mixes including the mixes containing RCA and RCA with EAF replacement meet the 

strength requirements for Class A concrete at 28-day (3,000 psi at 28-day).  By replacing 

20% and 50% of RCA by steel slag aggregate, strength increases at 7-day, 28-day and 90-day 

of age;  

Strength decreases at 28-day strength with the increase of the RCA content, from 5.4%-

20.1%.  The strength increases when RCA is replaced with EAF slag. 

8.4 Findings from the Pioneer Study 

Shredded scrap tire rubber (STR) and EAF slag were used in the pioneer study.  Steel slag 

possesses higher unit weight which has been an inhibitor in use in concrete even it provides 

higher strength.  STR has lighter unit weight, with elastic characteristic, but lower strength.  

The results in the pioneer study show the blending use of the two recycled materials with 
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RCA can balance the disadvantages and enhance their advantages.  This result encourages 

the idea of blending use of multiple recycled materials in future research. 

8.5 Engineering and Cost Analyses 

Brittleness index was introduced to evaluate the boundary or interface transition zone 

between aggregate and cement mortar.  Results show that brittleness index is slightly 

increased with the RCA increase.  The same trend is found with EAF slag and RCA concrete. 

The changes is not significant, but it is interesting.  It is necessary to further investigate to see 

if it relates to other long-term properties, such as durability or creep. 

Observation under Stereoscope and SEM indicate that the hydrate products are generated 

between cement mortar and steel slag.  It indicates that slag processes hydraulic 

characteristics which can enhance the bond strength between aggregate and cement mortar 

while natural rock is chemically inert.  This can explain the strength increase by adding EAF 

slag with RCA in concrete. 

From cost analysis, it is obvious that the direct cost of concrete with RCA will be lower in 

approximately in the range of 10-20%, compared with normal concrete.  Because using RCA 

to replace natural aggregate, which makes up approximately 70% of concrete volume, 

environmental and natural resource conservation benefit will be significant. 
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9.0 RECOMMENDATIONS 

Currently more than 140 million tons of RCA are produced each year in the US.  The 

quantity is increasing as the nation’s civil infrastructures are becoming aged and being 

reconstructed.  The North Carolina State Transportation Improvement Program (STIP) for 

2016-2025 stipulates the requirements for approximate 150 bridge replacement and 700 

miles of road construction projects in the 28 counties under NCDOT Divisions 1, 2 and 3.  A 

huge amount of concrete debris will be generated, and a large quantity of new concrete will 

be needed including nonstructural concrete.  However, good quality concrete aggregate is not 

economically available in this region.  It is important to investigate the feasibility of RCA 

using as coarse aggregate in non-structural concrete construction for suitable projects in the 

next ten years and beyond. 

In this study three typical bridge replacement projects from NCDOT Divisions 1, 2, and 3 

were selected.  The concrete slabs were processed to coarse aggregate to the NCDOT 

standards for Class B concrete, and a series of conventional and special laboratory tests for 

RCA, fresh and hardened concrete containing natural aggregate (granite), RCA, steel slag, 

were conducted.  The results are promising and will benefit the bridge and road construction 

projects, and the sustainable development in Eastern North Carolina - one of the fastest 

growing regions in the State of North Carolina. 

9.1 General Recommendations 

It has been proved that it is feasible to use RCA in nonstructural concrete and RCA should be 

considered an alternative aggregate for Class B concrete construction for NCDOT projects in 

ENC.  The results from this study can be developed and transferred to NCDOT divisions and 

personnel.  The information in this report can be developed into as a training material for 

Engineers in Divisions 1, 2, and 3. 

9.2 Future Research 

This laboratory evaluation covers conventional tests for aggregate and concrete.  The focus 

of this study has been placed on the RCA aggregate and concrete testing.  The durability and 

mechanical properties of the concrete containing RCA should be evaluated in the future 

research.  By using traditional tests for specification and acceptance, slump, air content, and 

compressive strength, for instance, the goal of comprehensive utilization of various recycled 

materials cannot be reached.  This study has performed some special tests, including elastic 

and plastic energy during cyclic loading (brittleness index), autoclave test for expansive-

prone steel slag, and microscope level observation on concrete slices especially the 

interfacing transition zone between coarse aggregate and cement paste, 90-day strength and 

stability of concrete containing RCA and EAF slag.  Some laboratory tests are necessary in 
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future study, for example, creep of RCA concrete, resistivity, shrinkage, and super air meter 

test. All these can be conducted to investigate long service life expectation purposes.  

Performance engineered mixtures (PEM) should also be considered in RCA concrete or 

concrete containing recycled materials.  This includes optimized mixture designs, materials 

selection, gradation, cement content. This could provide improved durability and 

sustainability.  It was found the strength criteria were well met 28-day strength at 7-day, with 

100% RCA coarse aggregate.  It indicates that there is a necessity to evaluate the design and 

field performance or RCA concrete to have relevant data collected, and design and 

preference evaluation parameters modified.  

It is potential to expand the use of recycled materials or blending use of multiple recycled 

materials in concrete to enhance durability and sustainability of concrete.  Steel slag and 

processed tire rubber were used in the pioneer study for initial investigation.  

Multiple recycled material use in concrete is promising.  For example, over 300 million scrap 

tires are generated each year in the US. In North Carolina, whole tires are banned from 

landfills.  Waste tires have been environmental and financial issues.  Ground tire rubber 

(GTR) use in road paving is successful, however, the utilization rate is low.  To control the 

problems created by waste tires, governments have spent a large amount of money to 

remove, transport, store, and dispose the scrap tires.  A better approach dealing with waste 

tires will find innovative and profitable uses and motivate business to collect and process 

them for their own self-interest and create multiple win–win situations.  With blending use of 

slag and processed STR, concrete properties can be modified. 

Blending use development - Blending use refer to one recycled material, RCA, for instance, 

with one or more other recycled material(s) to modify and enhance concrete properties and 

performance of the end product.  Sustainability requires researchers to proactively respond to 

growing environmental concerns and natural resource shortages.  The infrastructure 

construction industry consumes huge amounts of natural resources.  A wide range of 

environmentally acceptable, technically sound, and economically viable uses for recycled 

materials and to transfer various “waste” streams, into useful material “resource” streams are 

needed. 

Blending use is an innovative way to fully utilize solid recycled materials.  Inhibiting factors 

exist for users and the public in recycled material utilization.  These factors may come from 

the following: inherent variability, liability concerns for innovative technology, inappropriate 

environmental constraints, user conservatism, obsolete specifications, and lack of technical 

guidance. 

Of these factors, only the last one is technically related (i.e., lack of technical guidance).  

Any restrictions that prohibit the use of recycled materials without technical basis should be 
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removed.  The questions facing researchers are what is the technical basis?  How to develop 

the technical basis? Quantifying the properties, developing usability criteria, and developing 

the optimum proportions of multiple recycled materials can answer these questions and 

therefore enhance the properties of the concrete. 

The probabilities and ultimate goals of the blending use can be asked by these questions: Can 

1 + 1 > 2 ;   1 + 1 = 1;   1 + 1 = 0? 

This is to solve the problem in the use of recycled materials: 

1 Advantage + Advantage > 2 Advantage 

1 Advantage + Disadvantage = 1 Advantage 

1 Disadvantage + Disadvantage = 0 Disadvantage 

Because the inherent properties of various materials vary, the right combination of them can 

create better composite end materials than by using a single material.  Therefore, the goal of 

blending use is to minimize the disadvantages of each individual recycled material and 

maximize the advantages of the recycled and end products produced.  From a RCA use point 

of view, we need to “marry” RCA with one or more recycled material to maximize the 

technical and economic benefits. 

For example, steel slag possesses excellent mechanical properties.  Its Los Angeles abrasion 

value and polish stone value are high.  However, its specific gravity can be as high as 2.38-

2.76 and its unit weight as low as 72-90 lb cf. (1,153–1,442 kg/m3).  Steel slag may contain 

free lime and periclase that could cause volume instability, and aging and treating are needed.  

High specific gravity has limited the use of slag in areas far from the source site. 

However, the specific gravity of processed STR is much lower, in the range of 1.02–1.20, 

with higher void ratio.  Without blending use with other materials, STR provides limited 

strength. 

Considering use of slag and STR simultaneously, by adding 5–10% of scrap rubber, the 

specific gravity can be lowered to natural aggregate in approximately 2.5; by selecting 

optimum sizes, the void ratio of the blended material can be increased.  The elastic nature of 

rubber would allow certain expanded volume in steel slag to be absorbed if used as unbound 

applications. 
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9.3 Specification Modification 

The designated resources for aggregates for concrete can be extended to recycled concrete 

aggregate as a coarse aggregate in Class B concrete.  

It is recommended that the following paragraph be added for crushed concrete use in Class B 

concrete in the NCDOT Specification Section 1014 – Aggregate for Portland Cement 

Concrete 1014-2 Coarse Aggregate (A) General Paragraph 2, as follows (in italic): 

Use coarse aggregate that consist of crushed stone, crushed or uncrushed gravel, crushed air-

cooled blast furnace slag, or other inert materials that have similar characteristics.  

Crushed concrete aggregate can be used as a coarse aggregate in Class B concrete if the 

subject material meet all requirements in 1014-2 (A) through (E), or permitted by the 

Engineer in writing. 
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10.0 IMPLEMENTATION AND TECHNOLOGY TRANSFER 

During the research period the team leader and PI, Dr. George Wang:  

Visited the NCDOT Division 1 Office in Elizabeth City, NC, and interacted with Mr. David 

Otts, Mr. Shawn Mebane (in June 2017); Visited the project site in Moyock, NC (June 2017). 

Visited the NCDOT Division 2 Office in Greenville, NC and interacted with Mr. Ed Eatmon, 

Ms. Maria Rogerson (June 2007), and NCDOT Division 2 Office in Kinston, NC, and 

interacted with Mr. Jeremy Stoud (in November 2018); visited the project site in Beaufort 

County (June 2017). 

Visited the NCDOT Division 3 project site in Salemburg, NC and interacted with Mr. Nathan 

Tew, and Kevin Bowen (June 2017).  

Attended TRB 2017 and 2018 winter meeting; ADC 60 Meeting; presented a paper, titled, 

Use Recycled Concrete Aggregate as an Aggregate in Concrete – A Global Review and 

Current Status in the United States (TRB18-00275). 

10.1 Research Products 

The research project has produced research products in four major areas: (i) obtained the 

properties of RCA that was processed from the demolished concrete slab from NCDOT 

Divisions 1, 2, and 3; (ii) Concrete mix design method, properties of fresh concrete and 

hardened concrete were obtained; (iii) special properties including RCA’s potential alkali-

silica reaction, RCA concrete’s rapid chloride penetration, brittleness index were obtained; 

(iv) in the pioneer study of the project, EAF slag, processed scrap tire rubber were tested and 

used in concrete.  

The research products also include a thorough literature review report, literature abstract 

compilation report, a detailed survey responses, engineering and economic analyses. 

10.2 Research Product Users and Applications 

The following groups within the NCDOT can apply the research results and products to 

inform and improve their decisions and policies: Materials and Tests Unit, Construction Unit, 

and Division and District Engineers.  Other groups including ready mix concrete producers, 

construction companies in North Carolina can used the report as a reference in future effort 

using RCA in concrete. 

Materials and Tests Unit of NCDOT have new reference information and basic information 

for guidelines to use RCA in nonstructural concrete in Eastern North Carolina.  Division and 

District Resident Engineers will have the guidelines in quality assurance for concrete 
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construction.  Contractors and concrete producers will have alternative aggregate sources for 

nonstructural concrete in East North Carolina. 

The NCDOT can use the information to determine the best suitable projects for RCA 

processing and use as coarse aggregate in nonstructural concrete as an immediate benefit to 

the projects in the State Transpiration Improvement Plan (STIP). Ultimately, the collected 

information from the research can be used to develop RCA in other regions in North Carolina 

in lieu of virgin aggregate.  NCDOT can use the data and all technical information of the 

research study for publication, presentation, and training purposes.  

The information in the report can be developed into training materials, or for a workshop, 

including PowerPoint presentation, addressing the processing, mix design, and concrete 

batching.  The workshop is intended as an initial implementation strategy to help users and 

agencies advance the routine use of RCA in nonstructural concrete and overcome any 

barriers encountered. 

The information in the report will also give the guidelines for design of nonstructural 

elements for new pavement projects and rehabilitation projects and guidelines for estimating 

cost based on the quantitative comparison data. 

In addition, the research products can be useful to other departments of transportation, the 

FHWA, and consultants who are interested in the areas of utilization of recycled materials in 

concrete and pavements construction.  The research products can be interesting to national 

and international researchers and government agencies. 

The significance of this study also includes providing the NCDOT with RCA concrete for 

comparison with similar results from other states, and for inclusion in a nationwide RCA use 

in concrete for future comprehensive research.   

This study involves a pioneer study including potential recycled materials available in ENC 

that may be used in future research to develop sustainable concrete materials.  The NCDOT 

can further use the information to determine the best suitable candidate concrete structure 

demolition project for RCA processing and use in construction.  The NCDOT can use the 

data and all technical information of the research study for publication, presentation, and 

training purposes. 

The research will lead up to the results in implementing the practical use of RCA in concrete: 

the technical feasibility and the financial benefit for all parties who are involved in the 

transportation development projects and the citizens in Eastern North Carolina. 
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12.0 APPENDICES 

The appendices for this project are included with the electronic copy of the report located at 

this web link: 

http://www.ncdot.org/doh/ 

 


