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ABSTRACT


The purpose of this research paper is to investigate the current specifications of how Recycled Concrete Aggregate (RCA) is used nation-wide and provide information to the Washington State Department of Transportation (WSDOT).  WSDOT is considering possible alternatives for the replacement or reconstruction of the I-5 corridor in the Seattle Metro area as its life cycle is coming to an end.  Since I-5 is primarily composed of concrete, recycling the concrete pavement could be a viable option. 

The use and study of RCA in the United States has really taken hold just in the past 20 years.  Since then, numerous states have been using RCA in a variety of different ways.  My goal is to examine which states are doing what and who has taken the practice of using RCA the furthest and to what extent.  The Federal Highway Administration (FHWA) released a report in September 2004 examining applications of RCA and a national review of the state of practice.  The report, titled, “Transportation Applications of Recycled Concrete Aggregate, FHWA State of the Practice National Review” did not make full examination of state standards and specifications.  

The primary sources of my research included the standards and specifications of each of the 50 state departments of transportation and a conglomeration of other published reports, including the 2004 FHWA report.  The examination of the standards and specifications of each state and these reports has allowed the author to gain insight on which states are using RCA and to what extent.  Some states are known users of RCA but have yet to include recycled concrete into their state standards and specifications.  


The conclusion of this paper is that recycled concrete is a valuable material that has several benefits but also comes with some drawbacks as well.  However, with careful attention and the application of certain practices, most of these drawbacks can be overcome or limited in their impact.  Most states use RCA as base material and have addressed how it is used in their individual State Standard Specifications.
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LIST OF ABBREVIATIONS

AASHTO

ASR – Alkali Silica Reactivity

ASTM – American Society of Testing and Materials
C&D – Construction and Demolition
DOT – Department of Transportation

ESAL – Equivalent Single Axle Load
FHWA – Federal Highway Administration
RCA – Recycled Concrete Aggregate
RCM – Reclaimed Concrete Material or Recycled Concrete Material

RMRC – Recycled Material Resource Center
SSP – Standard Special Provisions
TRB – Transportation Research Board
WSDOT – Washington State Department of Transportation
INTRODUCTION


The purpose of this research paper is to investigate the current specifications of how Recycled Concrete Aggregate (RCA) is used nation-wide and provide recommendations to the Washington State Department of Transportation (WSDOT).  WSDOT is considering possible alternatives for the replacement or reconstruction of the I-5 corridor in the Seattle Metro area as its life cycle is coming to an end.  Since I-5 is primarily composed of concrete, recycling the concrete pavement could be one of several viable options.


The construction industry is moving more and more towards the recycling and re-use of materials for two primary reasons.  Economics is the primary and and more important reason followed by environmental stewardship.  Use of recycled concrete aggregates as a base course or in the PCC mix is just one of the newer “green building” methods that has taken hold in the last 20-30 years.  The use of recycled concrete is a potential hot topic as the construction industry continues to look for better and more efficient and economical ways to complete construction projects.  The main focus of this research was to first obtain what the national overview currently is across the United States concerning the individual states’ Departments of Transportation standards and specifications.  Once this information was known, one could investigate the general practices of those states and why it had been used where.  Some states have taken particular interest into the use of RCA and are still in the developmental and discovery phase of its use.  Other states such as Illinois, Minnesota, South Carolina, Virginia and Wisconsin have taken the use of RCA heavily into their state programs.  There are still some states who directly preclude the use of RCA in any fashion and have not taken an interest in using it so far.  One state, Michigan, had previously used RCA to a large extent and then placed a moratorium on its use, severely limiting it applications.


The Literature Review portion of this paper follows the topical outline below:

(1) Definition

(2) Historical Background

(3) Properties of Recycled Concrete Aggregate

(4) Common Uses

(5) Benefits

(6) Drawbacks

(7) Summary

Once the Literature Review had been completed, the research next developed investigating the individual states’ standard specifications concerning the use of RCA.  It is from this research that one can obtain what the “big picture” is nation-wide concerning who has included the use of RCA or crushed concrete into their state standard specifications.  The analysis of this data and of which states are taking the lead in this area that provides the conclusion and recommendations for this research report.

LITERATURE REVIEW

The literature review was conducted with the purpose in mind of discovering and revealing what relevant research has already been documented or completed.  This includes the definition and historical background of recycled concrete (Sections 1 & 2).  Section 3 discusses the Properties of Recycled Concrete Aggregate as these properties significantly determine what the benefits and drawbacks may be when using RCA.  Section 4 covers common uses of RCA or crushed concrete in general applications.  The benefits and drawbacks of using RCA is discussed in Sections 5 & 6 with the summary of the Literature Review in Section 7.  
(1) Definition
Recycled concrete “is simply old concrete that has been crushed to produce aggregate” that can be used directly as aggregates in newly mixed concrete or as base layers (2).  This crushed concrete “consists of high-quality, well-graded aggregates bonded by a hardened cementitious paste.  The aggregates comprise approximately 60 to 75 percent of the total volume of concrete” (3).  RCA is produced through the demolition of existing concrete cement roadways, sidewalks, runways and other structures.  Because of being a “reclaimed material,” RCA may have elements of soil, iron, deleterious substances included with the mixture of concrete when recovered and crushed.  
(2) Historical Background

The use of recycled concrete began in earnest at the end of World War II (4).  The European nations ravaged by the war faced the problems of disposal of rubble and immediate procurement of building material.  They were able to meet the needs of both demands by recycling concrete into newer buildings and materials.  Not until the 1970s was there a reemergence of the use of recycling concrete after World War II.  So why the reemergence?  The following factors are attributed to the rise of recycled concrete (4):

· Depletion of supplies of natural aggregates in certain regions 

· Need for better solid waste disposal 

· Energy Conservation

· Large urban areas have problems obtaining adequate aggregate supplies 

These factors will be discussed in greater detail later in this report as benefits of the use of recycled concrete aggregates.


The process of recycling concrete is a 5-step process that involves “breaking up and removing the old concrete, crushing in primary and secondary crushers, removing reinforcing steel and other embedded items, grading and washing and stockpiling the course and fine aggregate.” (2).  Figures 1-5 depict the process (photos courtesy of the Federal Highway Administration).

FIGURE 1




  FIGURE 2
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Unloading of Crushed Concrete.

  Crushing in Primary Crusher. 

FIGURE 3




    FIGURE 4
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 Steel Rebar Stockpile.                                       Vibratory Feeder, Sorting Screen and 

    Secondary Crusher. 

FIGURE 5
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Stockpile of Recycled Concrete Aggregate. 
(3) Properties of Recycled Concrete Used as Aggregate

Recycled concrete has several key properties that define it and govern its use as aggregate base or as aggregate in a new PCC mixture:  lower specific gravity, high absorption, lower slump, lower compressive strength, Alkali-silica reactivity, drying shrinkage and creep are the primary properties of Recycled Concrete Aggregate.  These properties have been generally accepted nation-wide but are still being studied today.
Lower Specific Gravity  
Lower specific gravity of recycled concrete is attributed to “high absorption of porous mortar and hardened cement paste within the recycled aggregate”(2).  A recent study by Environmental Council of Concrete Organization also attributed the lower specific gravity for the same reason but quantified it at being “5-10% lower than that of virgin aggregates in old concrete” (5).  

High Absorption 
As concrete is recycled and reused in PCC mix design, it results in “lighter (lower specific gravity) more absorptive cement paste and the amount of natural aggregates decreases” (6).  Thus, as the ratio of Recycled Concrete Aggregate to natural aggregate increases in mix design, the amount of cement in the mix increases due to the presence of cement existing already in the recycled concrete.  More recycled concrete equals less virgin aggregate which in turn leads to more cement paste in the mix resulting in higher absorption.  Typical absorption values for natural aggregate is 1-2%, recycled course aggregate is 2-6% and recycled fine aggregate is 4-8% (3).  Studies have found that due to high absorption, workability is affected.  In order to offset this result, “…add more water to achieve the same workability and slump than for concrete with conventional aggregates” (2).  Another prevention method can take place during the screening and batching process. The “recycled aggregates be batched in a pre-wetted and close to saturated surface dry condition” (7).  Higher porosity of recycled concrete aggregate also leads to greater absorption.  Figure 6 below depicts how much higher recycled concrete aggregate water absorption is compared to natural and lightweight aggregates and Table 1 shows typical physical properties of RCA.
FIGURE 6
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Water Absorption vs. Recycled, Natural and Lightweight Aggregates (8).
TABLE 1

	Property
	Value

	Specific Gravity

· Coarse Particles

· Fine Particles
	2.2 – 2.5

2.0 – 2.3

	Absorption, %

· Coarse Particles

· Fine Particles
	2 – 6

4 - 8

	Absorption values as high as 11.8% have been reported
	


Typical Physical Properties of RCA Specific Gravity and Absorption (3).
Lower Slump
The lower slump of Recycled Concrete Aggregates has led to workability problems in the past (6).  “Experience shows that recycled aggregates continue to absorb water after mixing in a batch plant.  This can cause loss of slump and workability after mixing is completed” (5).  In an article by Concrete Technology Today, it was discovered that “as the amount of recycled aggregate increased, the concrete required more superplasticizer to maintain adequate consistency. This was attributed to the angular shape and possibly continued water absorption of the recycled aggregate” (9).  More water can be added to achieve the same or greater workability and slump (2).

Lower Compressive Strength
Lower compressive strength resulting from Recycled Concrete Aggregate is not a major concern due to the marginal difference in original versus RCA values. Concrete mix designs consisting of recycled coarse aggregates and conventional fine aggregates can obtain adequate compressive design strength (2).  “The modulus of elasticity decreased with increasing quantities of recycled aggregate.  100% recycled aggregate = 35% lower modulus of the reference concrete” (9).  One way to adjust the mix design to accommodate or overcome lower compressive strength is through the adjustment of the water-cement ratio (5).  “The compressive strength of recycled aggregate concrete can be equal to or higher than that of the original concrete if the recycled aggregate concrete is made with the same or a lower water cement ratio than the original concrete” (5).  Table 2 below depicts how compressive strength of recycled and original concrete differs with respect to different water cement, fine and course aggregate ratios.  Note how lowering the water cement ratio raises the compressive strength and increasing the amount of recycled fine aggregates greatly decreases compressive strength.
TABLE 2
[image: image8.png]Water/cement
(wic) ratio

045
055
068

Concrete compressive strength, Ib per sq in.

Natural
coarse and
fine
aggregate
(original
concrete)
5440
4190
3190

Recycled coarse
aggregate and
100% natural
sand

5370
4130
3050

Recycled coarse
aggregate, 50%
recycled fine
aggregate, and
50% natural
sand
4930
3630
2540

Recycled coarse
aggregate and
100% recycled fine
aggregate

4350
3120
1890





Concrete Compressive Strength for Recycled and Natural Coarse and Fine Ratios (5). 

Alkali-Silica Reactivity 
Three things are necessary for Alkali-Silica Reactivity to cause damage: (1) “Aggregate with sufficient amounts of reactive constituents that are soluble in highly alkaline aqueous solutions” (2) “Enough water soluble Alkali from the same source to drive the pH for the liquid in the concrete up to 14 to 15 and hold it there so that swelling Alkali-Silica gel is produced” (3) Sufficient water to maintain the solutions and provide moisture for the swelling of the gel” (6).  Another study found that the “potential for ASR in concrete made with RCM was affected by the old concrete’s original alkali level and extent of expansion, and the remaining potential reactivity of the recycled aggregate” (5).  In order to combat or reduce expansion due to ASR, Class F fly ash with low-lime has been used with success in the past (5).  When ASR is of concern, the ASTM C289 test should be used to help determine the potential for deterioration (10).

Drying Shrinkage
Studies have indicated that drying shrinkage is 40-100% more for recycled concrete than natural virgin aggregate (2)(5).  It is understood that drying shrinkage and creep will occur with the use of RCA.  This is primarily due to large amounts of old mortar and cement paste attached to the recycled concrete aggregates. 

The 30% Rule 
Other properties noted of Recycled Concrete Aggregate includes, “When natural sand is used, it is generally accepted that up to 30% of natural crushed coarse aggregate can be replaced with coarse recycled aggregate without significantly affecting any of the mechanical properties of the concrete (7).This general “30% Rule” has been found often in research done for this report throughout many of the references listed.  However, some of the states have already approved going above the “30% threshold” including up to 100%.  Another concern of engineers has been the quality of the concrete used for recycling having an affect on the new mix design.  It has been determined (although testing is still underway today) that the characteristics of recycled concrete are not affected by the grade or quality of the original concrete (7).

(4) Common Uses
Throughout the research of this report, I discovered that there are many uses of recycled or crushed concrete.  In order to limit the scope of the research being conducted and to adhere to the general purpose and intent of this report, I chose to examine the common uses of RCA as either sub-base material, base material or in the PCC mix itself.  According to Turner-Fairbank Highway Research Center, “Reclaimed concrete material can be used as an aggregate for cement-treated or lean concrete bases, a concrete aggregate, an aggregate for flowable fill or an asphalt concrete aggregate.  It can also be used as a bulk fill material on land or water, as a shore line protection material (rip rap), a gabion basket fill or a granular aggregate for base and trench backfill” (3).
(5) Common Benefits
The two largest benefits of the use of recycled concrete are resource efficiency and energy savings.  Both of these benefits can lead to reduction in cost and lead to greater financial and mineral resourcefulness.  A Federal Highway Administration study in 2004 estimated construction waste from building demolition alone resulted in 123 million tons per year (1).  That is a lot of debris filling up precious landfill space.  Realization of this fact has led landfills to not accept construction materials or charge higher rates for construction debris.  This has in turn turned a lot of attention to other options of using construction debris in other ways or methods of disposals; hence the rise of recycled concrete as an aggregate.  The more recycled concrete is used, the greater reduction in land disposal and dumping and the less virgin aggregate is consumed.  In some areas of the country, there exists “inabilities…to properly dispose of wasted concrete material” which results in the use of recycled concrete being “less expensive and more environmentally acceptable” (6).  On-site recycling of concrete can also lead to conservation of roads and highways due to reduced hauling (1).  All the aforementioned benefits help lead to better resource efficiency.

The use of recycled concrete has great energy efficient results in all phases of production.  Transportation distances of natural aggregate can be as great as 50-70 miles and up to 200 miles is not unusual (5).  Recycling or re-using concrete on-site will result in lower transportation and disposal costs (1).  Also, the public becomes evermore aware and attune to preserving the natural environment, local municipalities are limiting the start of new quarries which results in increasing cost of quarries and making it evermore difficult to place quarries (5).  “In an urban environment, concrete debris is hauled to a crushing site that is generally closer to the center of the urban area then the virgin aggregate quarry” (1).  This will ultimately save in transportation and energy costs by definitely increasing the efficiency of recycling concrete operations.


Durability and higher resistance to freeze-thaw is another benefit gained from using recycled concrete (2).  Again the higher cement ratio in recycled concrete plays a major factor in this role.

The basic benefits offered by RCA besides economic and environmental factors also include the different applications that RCA can be used in pavements: sub-base aggregate, base aggregate, coarse aggregate and fine aggregate in the PCC mix.  RCA is not limited to only the application of roadways.  It has been used as riprap, in sidewalks, concrete shoulders, temporary roadways and fill material.   


(6) Negative Aspects
Workability

It was discovered that “using recycled material for both coarse and fine aggregates produced a harsh mix which was nearly unworkable (6).  This problem was remedied by adding 15% concrete sand.  A current guideline is to limit amount of (recycled) fines to 30% in the mix (1).

Alkali – Silica (aggregate) Reactivity
This is a major concern of most of the users of RCA as roads in cold-weather climate states often use rock salt which can lead to ASR and results in pop-outs or loss of cohesion among the aggregates in the concrete.  “Levels of impurities such as sulfate and chloride ions, akali-reactive aggregate and freeze-thaw expansion of large aggregate that can result in a breakdown of the concrete causing D-cracking in concrete pavements must be controlled to ensure that the finished concrete has consistent strength and durability” (10).
Removal of Steel and Debris
It was first believed that this would be a major obstacle in the use of recycled concrete.  However, contractors seem to have solved this problem using new and different approaches to remove steel and other debris with breaking, crushing and screening equipment (5).  A recent study found that, “contaminates are of no concern in base aggregate applications, except in cases where the recycled aggregate will be used in an un-stabilized permeable base” (5).  Removal of as much of steel and debris as possible at the construction site upon crushing of the concrete is the best alternative.  Upon reaching the concrete crusher, a magnet is used to attract as much of the steel and other ferrous materials as possible.
Drying & Shrinkage 
Drying may require excess water and additional testing in order to prevent and predict this occurrence at the job site and in laboratory samples.  A major factor in drying and shrinkage has to do with the amount of recycled fine aggregates used in a mix.  
Carbonation & Permeability 
This may cause problems with reinforced steel inside concrete corroding due to carbonation and the higher permeability of the recycled concrete.  What moisture can penetrate into the mix where reclaimed steel is present, will eventually begin to corrode.

Compressive Strength 
Although not a significant impact, it is weaker but can be overcome.

Fine Aggregates Need Special Care 
“Only 10-20% recycled fine aggregate is beneficial” (7).  The use of recycled fine aggregates has caused lower compressive strength in samples (see Table 2).  “Recycled fine aggregate is prohibited from use in reinforced concrete because of its significant impact on drying shrinkage and creep” (9).
Water Demand
An increase in water demand can be expected if it is determined to raise the water cement ratio of the newly placed concrete and the washing of aggregates for special handling.  The amount of mortar paste contained in the RCA mix with PCC is the driving factor for the amount of water required to attain the correct water cement ratio.
Special Handling Procedures for Transportation, Placement and Compaction (1)
1. It is necessary to wet the material to prevent fugitive dust particles and moisture levels maintained until maximum level of compaction is attained.
2. Excessive working of the RCA base should be avoided as it will segregate the base materials.  Minimum shaping of the RCA base materials should occur.
3. Compaction of the RCA base should be in a saturated state. 

4. When a base is adjacent to longitudinal drains and geofabrics are specified, a special placement of the geofabric is required.  The fabric is placed with a U cross-section covering only the sides of the drainage trench but not its top.
5. Care must be taken to prevent contamination by other materials such as: asphalt, soil and clay balls, chlorides, glass, gypsum board, sealants, paper, plaster, wood, and roofing materials.
Lack of long-term studies and results
It is still not truly known what the long-term results will be of using recycled concrete.  Most projects involving recycled concrete have only begun in the late 1970s and early 1980s with a greater use in the 1990s.  It has not yet been studied or researched what the second and third order effects of recycled concrete may be.  That is, recycled concrete aggregate is used in a construction project which is later demolished and its rubble is recycled as concrete aggregate and used again and so on.  

(7) Summary
One needs to come away from the Literature Review knowing certain essential information concerning the properties, common uses, benefits and negative aspects of Recycled Concrete Aggregate.  The main properties of this material are:

· Higher absorption of water 
· Alkali-Silica Reactivity

· Drying shrinkage

· 30% Rule

Common uses concerning the research of this paper include RCA used as sub-base and base material and as coarse and/ or fine aggregates in the PCC mix.  There are other common uses but those were not considered in the scope of this investigation.  Benefits are basically economically and environmentally related.  Economic reasons include saving large amounts of money by using RCA instead of dumping it and lowering the  cost of hauling new aggregate.  Environmental reasons include saving space in our landfills by not wastefully dumping crushed concrete and decreasing the demand for virgin aggregate.  This translates into more environmental stewardship of our natural resources (virgin aggregate) and less need for more, greater or larger quarries in the future.  Negative aspects of using RCA include

· ASR that can lead to D-cracking
· Increased water demand that affects workability, slump, drying and shrinkage issues

· Removal of steel and other debris is a necessary and requires extra work

· Lack of long-term studies

  The properties, benefits and drawbacks listed here seem to be generally accepted but do not go wholly un-challenged as we will see with what some of the states do.  Four great sources of information on the subject are the Federal Highway Administration (especially the 2004 report), the Turner Fairbank Highway Research Center, the Transportation Research Board and the Recycled Materials Resource Center out of the University of New Hampshire.  These sources have many more articles about RCA than are discussed in this report and are great locations of known knowledge about the subject matter.  

RESEARCH METHODOLOGY


The goal of the research effort was to identify which states were using RCA and to what extent in order to ascertain the common trends across the United States.  The methodology of research selected was quantitative in nature in order to achieve this goal.

From examination of state practices during the literature review, it became prevalent that some states were ahead of others in the use of RCA whether as a sub-base, base or PCC mix material.  I soon discovered that some states have been involved in research or studies concerning RCA material but had not formally approved its use and published in their standard specifications.  At this point, I had a decision to make as to whether to pursue the current state of practices or to examine what states allow under their standard specifications.  I chose the latter because I felt it more prudent to provide research results of what states allow versus what states are experimenting with.  


The next step involved examining all 50 state standard specifications individually.  This was accomplished using the U.S. DOT FHWA National Highway Specifications Library at http://www.specs.fhwa.dot.gov/nhswp/library.jsp and the National Highway Search Specifications at http://www.specs.fhwa.dot.gov/nhswp/searchSpecifications.jsp.  Both of these websites turned out to be tremendous tools in examining state standard specifications for the use and/or restriction of RCA.  State DOT websites were accessed from time to time in order to check for special provisions, updates or if a link was broken on the FHWA website.  Prior to beginning the state-by-state search, I developed a spreadsheet with a listing of all the states and marked those states who are known users of RCA as a back-up check during my research that that state should turn up a positive result.  For each state, I checked the following areas of its standard specifications: materials, sub-bases, bases and Portland Cement Concrete (or something similar in nature – not all states follow this format).  If no wording of “recycled concrete” or similar remark existed, I then proceeded to the “Search Specifications” webpage and conducted a search of that state’s standard specifications for either “recycled,” “reclaimed,” “crushed concrete,” or “RCA.”  I had to use all of these words when using the search engine because many states do not use the same terms but mean the use of recycled concrete and aggregate applications.  There are known discrepancies in the research so much as states known to have been heavy users of RCA but do not address recycled concrete, its aggregates or likewise, in any of their standard specifications (i.e. Texas, Utah).  This has lead me to believe that there may be several reasons for this: the practice exists of states using RCA without it having been included in the latest standard specifications, the search engine proved to be faulty in not finding any of the key search words but when in fact it did exist in the document (i.e. Washington State), the links on the FHWA webpage lead to an outdated standard set of specifications and that a newer one has been published on the website maintained by that state and not the FHWA (i.e. Kansas).  Also, states could have included the use of RCA in their standard special provisions that was not identified by any of the search engines.

In conjunction with the associated individual state standard specifications, I searched the Turner Fairbanks National Research Center online archives for “User Guidelines” of RCA and was met with some success.  Additionally, completed research reports published on the RMRC and TRBwebsite proved useful in knowing what states had participated in research and what the abstracts of those completed research reports had found.  


The end result of using this method of research has provided an accurate understanding of the common set of standard specifications as to the use of RCA nation-wide.  Although some inconsistencies do exist, I feel confident that this method accurately gathered the necessary information needed to reach the intended goal of this paper.  

ANALYSIS OF STATE STANDARD SPECIFICATIONS

The research conducted for this project focused on only certain applications of Recycled Concrete Aggregate as used in individual state standard specifications.  These applications included the use of RCA as either sub-grade or sub-base, base material or as coarse or fine aggregate directly in the PCC mix.  These categories helped to better bracket the different uses of RCA amongst the states and to be able to compare and contrast data.  For the states that did not have specifications directly cited or prohibited the use of RCA, this is noted as well.  As mentioned before, this does not preclude that particular state that has not addressed RCA in their standard specifications from having conducted research or practiced the use of RCA, it only means that they have not endorsed it use legally.
States Not Addressing the Use of Recycled Concrete Aggregates

The following table addresses states that do not discuss the use of RCA in their standard specifications:

TABLE 3

	Alabama
	Alaska
	Arkansas
	Delaware
	Georgia

	Hawaii
	Idaho
	Kansas*
	Kentucky
	Maine

	Mississippi
	Montana
	Nevada
	New Hampshire
	New Mexico

	North Carolina
	Oregon
	South Dakota
	Tennessee
	Texas*

	Utah*
	Vermont
	Wyoming*
	
	


States Not Addressing the Use of RCA in Standard Specifications.
* - denotes states known to be users of RCA or have investigated the use of RCA

Kansas, Texas, Utah and Wyoming are known users of RCA through FHWA or TRB reports (11).  For the rest of the states, no information was found using the research method previously outlined.  Reasons are not given for why the states have not addressed the use of RCA, but possible motives may include the lack of long-term studies and results, the effort of crushing, recycling and removal of steel and other debris from the RCA may not be economical or that ASR is deduced as a problem with high potential because of being a cold-weather state that heavily uses salt on their roads.  Another possibility of why a state may not address the use of RCA is that there is not a large need to use RCA or that there are not a lot of concrete roadways or structures that can supply the crushed concrete needed as the state may have a small, limited number of concrete highways or roads.  Another rationale may be that the state is in development of the use of RCA but has yet to formally approve and publish the application of RCA into its standard specifications.  Any number of these reasons could be applicable to one or more of the states who choose not to use RCA in their standard specifications.
Analysis of States Using RCA as a Sub-Base Material


The use of RCA as a sub-base material contains the least amount of risk of the four ways to use RCA discussed in this report.  This typical application consists of using RCA in a variety of fashions as a sub-base or sub-grade material.  RCA is not directly involved in the mix and is primarily used as a stabilizing course for the road.  
Arizona 

Arizona has the same requirements regarding RCA for sub-bases and bases alike.  Its Special Provisions “may allow the use of salvaged PCC materials for aggregate sub-bases and bases.  The contractor may request the use of salvaged materials on a project where specifications were not included in the Special Provisions.  If Special Provisions do not include salvage material specifications, then the engineer should contact the Materials Group before initiating a Supplemental Agreement to allow use of salvage material for aggregate sub-base and base.” (12)
California


California used to allow reclaimed concrete material up to 50% of total volume of aggregate as a sub-base or base course material in Sections 25-1.02A and 26-102.A of the state standard specifications.  However, according to the latest state Standard Special Provisions (SSP), SSP Caltrans revised specified limit to allow up to 100% of reclaimed materials for both sub-base and base applications. (13).
Connecticut

Connecticut does permit the use of Reclaimed Miscellaneous Aggregate as a material for sub-base work.  The state requires that the aggregate “shall consist of sound, tough, durable particles of crushed reclaimed waste.  It shall be free from soft disintegrated pieces, mud, dirt, glass or other injurious material, and contain no more than 2 percent by mass of asphalt cement.”  This terminology is found quite often between all the states and is nearly quoted almost word for word between some of them.  The State of Connecticut also requires that the gradation of this aggregate meet “Grading B” and the state requirements of M.02.06 for plasticity and resistance to abrasion.  The table below depicts Grading A, B and C for the state. (14)
TABLE 4
	
	Grading A
	Grading B
	Grading C

	Square Mesh Sieves
	% Passing by Mass
	% Passing by Mass
	% Passing by Mass

	Pass 125 mm
	
	100
	

	Pass 90 mm
	100
	90-100
	

	Pass 37.5 mm
	55-100
	55-95
	100

	Pass 19 mm
	
	
	45-80

	Pass 6.3 mm
	25-60
	25-60
	25-60

	Pass 2.0 mm
	15-45
	15-45
	15-45

	Pass 425μm
	5-25
	5-25
	5-25

	Pass 150 μm
	0-10
	0-10
	0-10

	Pass 75 μm
	0-5
	0-5
	0-5


Gradation Requirements of Sub-Base Material for the State of Connecticut.
Florida

Florida has great concern over the stabilizing of soil and meeting necessary bearing requirements.  This has led to it allowing the use of recyclable materials as long as it is considered suitable (does not contain hazardous substances or contaminating material) and improves the bearing capacity of the soil. (15)
Illinois

Illinois has adopted the same standard specification for base and sub-base courses concerning RCA or crushed concrete.  The state is concentrated on achieving a uniform product from the method of blending used and even if the blending takes place using aggregates from more than one source.  Illinois also requires certain gradation to be followed as well as the aggregate to comply with listed plasticity requirements (Sections 1004.04(c) and 1004.04(d). (16)
Indiana

Indiana allows the use of recycled concrete in subgrade when “meeting the requirements of coarse aggregate size No. 53 may be used when crushed stone size No. 53 is specified.”  (17)

Iowa


Iowa strongly pushes to use RCA as sub-base material in their standard specifications.  The material is to be reclaimed from interstate highways or other primary roadbed but only those under state jurisdiction.  RCA must meet requirements for Gradation No. 12 in Section 4109.  Sand may be added to the mixture but is not to exceed 15% by volume or mass. (18)
Louisiana


Louisiana allows the use of RCA into its mix for subgrade layers as long as is 100 percent crushed concrete or in combination with an already approved stone.  It must  follow the gradation outlined in the table below. (19)
TABLE 5

	U.S. Sieve
	Percent Passing

	37.5 mm
	95-100

	19.0 mm
	40-85

	4.75 mm
	0-15


Gradation Requirements for Sub-Base Material for RCA in Louisiana.
Massachusetts


Massachusetts refers to the same requirements for sub-base and base courses of RCA.  The state desires to have crushed concrete “free from loam, clay and deleterious materials such as brick, reinforcing steel, glass, wood, paper, plaster, lathing and building rubble.  Massachusetts places two primary requirements on its use of RCA in a sub-base course and that is gradation in accordance with the table below and that the coarse aggregate shall have a percentage of wear of not more than 50 by the Los Angeles Abrasion Test. (20) 
TABLE 6

	Sieve Designation
	Percent Passing

	75 mm
	100

	37.5 mm
	70-100

	19.0 mm
	50-85

	4.75 mm
	30-60

	300 μm
	8-24

	75 μm
	0-10


Table of Gradation for Sub- and Base Material RCA in Massachusetts.
Michigan

Michigan has had much experience with RCA and some of it has led to negative outcomes resulting in severe restrictions being placed n RCA.  State standard specifications allows for RCA sub-base applications to only to be used as “swamp backfill, embankment and as trench backfill for non-metallic culvert and sewer pipes without associated underdrains.”  All other uses of RCA as a sub-base are prohibited. (21)
Minnesota

Minnesota is another strong producer and user of RCA in their state who has had much experience in the subject.  The specific gravity of the material must be between 2.3 and 2.9.  Additionally, “the contractor must receive the Engineer’s approval before using crushed concrete in proximity to perforated drains for all uses not specifically addressed in the Contract.”  Wherever perforated pipe is to be installed, is installed or where water may enter the perforated pipe through RCA materials, Minnesota has imposed several restrictions.  This caution is primarily due to the concern about leaching when water may pass through RCA containing inert properties that can lead to ASR and contaminating the passing water. (22)
Nebraska

Nebraska cares about its recycled concrete aggregates in that it is properly processed and stockpiled.  The contractor must also submit a 75 pound sample of crushed concrete which the contractor plans to use in his work to the Project Manager.  The Central Laboratory needs at least 14 days to process the sample.  Nebraska RCA must also follow the gradation requirement of 307.02(3) and moisture content is to be not higher thannecessary to facilitate compaction required to density. (23)
New York


New York requires that if RCA comes from other than DOT projects, the contractor must provide documentation demonstrating that the material obtained is from a NYSDEC registered or permitted Construction and Demolition (C&D) debris processing facility.  Of the three acceptable alternate materials, two specifically deal with RCA.  Alternate A is at least 95% by weight RCA and free from organic and other deleterious substances and may also contain up to 5% by weight asphalt or brick.  Alternate B is a mixture that conforms to Alternate A but is mixed with stone, sand, gravel or blast furnace slag. (24)

Oklahoma


Oklahoma allows the use of RCA as an aggregate for its sub-bases.  However, the amount of RCA to be used must pass  through the No. 10 sieve with 5-45 % passing the No. 200 sieve.  Oklahoma goes on to specify different grading requirements for 4 types of grading but does not discuss where RCA fits in.  Additionally, all RCA must be procured from an approved source. (25)
Pennsylvania


Pennsylvania encourages the use of RCA in its sub-base structures as long as it is from DOT, municipal or county projects only.  Other RCA may be used in sub-base applications if it can be proved that the concrete material was originally made with materials approved by the DOT. (26)
Rhode Island

Rhode Island only allows the use of RCA in the construction of its sub-base for roadways.  The Project Manager is to first look for RCA within the project limits but can also use other sources approved by the Engineer.  Specified gradation limits also apply to RCA used by Rhode Island in Column Ib, Table I,in Subsection M.01.09. (27)
Washington


Washington allows RCA into all uses except for as fine and coarse aggregates in a PCC mix, as aggregates for Asphalt Treated Base and aggregates for HotMix Asphalt.  Everything else is allowed up to 100 percent. (28)  

Analysis of States Using RCA as a Base Material

Use of RCA as a base material is quite common amongst the state DOTs and often in similar fashion as their use of RCA in the sub-base.  A few of the specifications remain the same for some of the states, while others have different requirements than what was used for the sub-base.  Similarly to the sub-base requirements, gradation is also a common trend in base requirements.
Arizona

Requirements do not differ than that already specified for the sub-base.
California

Requirements do not differ than that already specified for the sub-base.

Colorado

Colorado allows the use of RCA in its base materials only.  The RCA must “conform to the requirements of AASHTO M 147 except that the requirements for the ratio of minus 75 μm (No. 200) sieve fraction to the minus No. 40 sieve fraction stated in 2.2.2 of AASHTO M 147, shall not apply.”  Additionally, the Los Angeles wear test does not apply for Colorado’s 1, 2, and 3 classes of aggregates.  Colorado does have grading requirements as outlined in the table below. (29)
TABLE 7

	Sieve Size
	LL < 35
	LL < 35
	LL < 35
	LL < 30
	LL < 30
	LL < 30
	LL < 30

	
	Class 1
	Class 2
	Class 3
	Class 4
	Class 5
	Class 6
	Class 7

	100 mm
	
	100
	
	
	
	
	

	75 mm
	
	95-100
	
	
	
	
	

	63 mm
	100
	
	
	
	
	
	

	50 mm
	95-100
	
	
	100
	
	
	

	37.5 mm
	
	
	
	90-100
	100
	
	

	25 mm
	
	
	
	
	95-100
	
	100

	19 mm
	
	
	
	50-90
	
	100
	

	4.75 mm (#4)
	30-65
	
	
	30-50
	30-70
	30-65
	

	4.75 mm (#8)
	
	
	
	
	
	25-55
	20-85

	4.75 μm
	3-15
	3-15
	20 max
	3-12
	3-15
	3-12
	5-15


Gradation Requirements for Base Material in the State of Colorado.
Connecticut

The requirements for base material are the same as the sub-base material with the exception of gradation.  The top course of the gravel surface shall use “Gradation C” while the rest of the base material shall conform to “Gradation A” (see Table 4). (30)

Illinois


The requirements for base material are the same as sub-base material requirements

Louisiana


Louisiana’s requirements of base course material are the same as for the sub-base material with the exception to gradation.  Please see the table below:
TABLE 8

	Sieve
	Percent Passing

	37.5 mm
	100

	25.0 mm
	90-100

	19.0 mm
	70-100

	4.75 mm
	35-65

	425 μm
	12-32

	75 μm
	5-12


Gradation Requirements for RCA as a Base Course in Louisiana.
Massachusetts

Massachusetts’ requirements of base course material are the same as for the sub-base material.  

Michigan

Michigan continues to be the state with the most restrictions on the use of RCA.  It is allowed as a base course material in combination with other fine aggregates in order to meet gradation requirements (see table below).  It specifies that crushed PCC is “not to contain building rubble as evidenced by the presence of more than 5 percent, by particle count, building brick, wood, plaster or similar materials.  Sporadic pieces of steel reinforcement may be present provided they pass the maximum grading sieve size without hand manipulation.”  Michigan strictly prohibits the use of RCA in a base layer when a geotextile liner or membrane exists that has permeability requirements and in pavement structures that contains an underdrain.  A filter material of 12 inches of a blocking, granular material may be used to alleviate this restriction in order to prevent leaching. (31)
TABLE 9
	Sieve Size
	Class 4AA
	Class 6AAA
	Class 6AA
	Class 6A
	Class 17A
	Class 25A
	Class 26A
	Class 29A

	2.5 in
	100
	
	
	
	
	
	
	

	2 in
	90-100
	
	
	
	
	
	
	

	1.5 in
	40-60
	100
	
	100
	
	
	
	

	1 in
	
	90-100
	95-100
	95-100
	100
	
	
	

	¾ in
	0-12
	60-85
	
	
	90-100
	100
	100
	

	½ in
	
	30-60
	30-60
	30-60
	50-75
	95-100
	95-100
	100

	3/8 in
	
	
	
	
	
	60-90
	60-90
	90-100

	No. 4
	
	0-8
	0-8
	0-8
	0-8
	5-30
	5-30
	10-30

	No. 8
	
	
	
	
	
	0-12
	0-12
	0-10


Gradation Requirements for Coarse Aggregate in the State of Michigan.
Minnesota


Minnesota allows RCA to be as a single entity, blended with virgin aggregates or combined with other permitted recycled or salvaged materials.  General base course applications are acceptable where drainage layers or perforated pipes will not be present.  If drainage layers or perforated pipes are present, then the following conditions will apply:

(1) At least 95% of the RCA particles are retained on the 4.75 mm or #4 sieve.

(2) The total thickness of RCA whether used singularly or combined in a blend with other aggregates is not to exceed the thickness of 3 inches.

(3) “Crushed concrete may be used up to 100% in construction of the filter/separation layer under a permeable aggregate base drainage layer in accordance with applicable drainage specifications.”

Again, leaching is a great concern here and Minnesota has taken action to prevent the occurrence of this happening when RCA is used in certain applications. (32)
Missouri


Missouri allows for RCA to be used as aggregate base substitutions for temporary surfaces.  Once the temporary surface is no longer needed, the RCA base material must be removed.  The contractor must notify the engineer with at least two weeks notice prior to the use of RCA and has to also demonstrate where the RCA will be removed.  The placing of RCA base course material is specified to be in 4 inch max lifts compacted by a 10-ton roller with a minimum of three passes. (33)

New Jersey


New Jersey’s standard specifications discuss dense-graded aggregate being created from RCA but I cannot find where in the specifications it allows the use of RCA so I have chosen to discuss this case here.  Gradation requirements are below:
TABLE 10
	Sieve Size
	Percent Passing

	1.5 in
	100

	¾ in
	55-90

	No. 4
	25-60

	No. 50
	5-25

	No. 200
	3-12


Gradation Requirements of RCA for New Jersey.
New Jersey also has requirements for composition, resistance to abrasion, soundness, certification of test results for compliance, a quality control plan and reporting of usage. (34)
Oklahoma

Oklahoma has allowed the use of RCA as base material for Econocrete.  The state has however modified certain requirements when RCA is used as the sole source of coarse aggregate.  Then “the durability factor determined by AASHTO T161, Procedure A shall be waived and the LA Abrasion percent wear determined by AASHTO T96 shall be limited to a maximum of 50 percent wear after 500 revolutions.” (35)

South Carolina

South Carolina allows the use of RCA in its base courses as one of the three main options of materials for base courses (the other two being Macadam and Marine Limestone).  The RCA course aggregates need to be mixed together with sand, sand-gravel, soil or other approved materials with similar characteristics.  Lumps of clay, metals, wood, brick, plastics and other deleterious material need to be removed from the aggregate prior to re-use.  The standard specifications also state that when RCA is chosen by the contractor, the engineer must inspect, sample, test and approve the material prior to it being used in the base course.  They recommend a minimum time frame of four weeks for the engineer to conduct the approval process for the RCA material. (36)
Washington


The requirements are the same as previously stated for sub-base material.

Wisconsin

Wisconsin allows the use of crushed concrete in its base aggregate requirements.  The standard specifications dictate that “ ≥ 90% crushed concrete that is free of steel reinforcement and includes < 10% asphaltic pavement or surfacing, base or a combination of asphaltic pavement, surfacing and base, incorporated during the removal operation.”  The gradation requirements are to follow AASHTO T 27.  (37)
Analysis of States Using RCA as Coarse Aggregate PCC Mix Material


The use of RCA in base and sub-base as a material has posed a lesser risk than in the PCC mix itself.  States are more often than not to allow RCA as a base or sub-base material than to use it as a coarse aggregate in the PCC mix.  The reason stands that they could suffer a larger impact if the PCC mix suffers problems than if the base or sub-base material happens to leach or suffer other problems.  As a disclaimer, the base and sub-base material is important to all pavements in order to provide adequate structural support.  Without this structural support, any pavement can fail no matter how well designed and placed the wearing or surface course is.  States have begun allowing the use of RCA into the PCC mix as coarse aggregates although it is not as widespread.  

Connecticut


Connecticut’s use of RCA in the PCC mix as a course aggregate specifies that the aggregate shall “consist of clean, durable fragments of uniform quality throughout…and free from soft, disintegrated pieces, mud, dirt, organic or other injurious material and shall not contain more than one percent of dust by mass.”  There are 5 basic requirements for the use of RCA as a course aggregate (38):
(1) Soundness: The test is conducted with magnesium sulphate solution using AASHTO T 104.  The objective is to not have a loss of more than 10 % at the end of 5 cycles.

(2) Loss on Abrasion: Using the Los Angeles Machine under AASHTO T 96, the maximum loss is 40 %.
(3) Grading: The mix design is based on the nominal maximum size of No. 4 aggregate.

(4) Sampling: Samples for tests are to be taken at either the quarry site or at the batch plant when the aggregate is in bins or storage piles.

(5) Chloride Content: The aggregate must be tested for chloride prior to the batch plant mixing it with virgin aggregate.  The specified test is in FHWA Report No. RD-77-85.
Florida

Florida makes use of RCA as a course aggregate in the PCC mix for non-structural concrete applications only.  When used, the recycled or crushed concrete must have been originally placed within Florida Standard Specifications.  The only requirements are that the aggregate meets Florida’s gradation requirements and the maximum loss determined by the LA Abrasion Test  is modified to 50 (45 previously).  The Soundness requirements also no longer apply. (39)
Illinois


Illinois allows the use of RCA as course aggregate material into the PCC mix as long as the material meets gradation and physical property requirements as set out in section 1004.01 and 1004.02.  Each of the sizes of RCA must be kept separate until it is time for proportioning.  Soundness and LA Abrasion Tests are the only tests required for the use of this type of aggregate.
Louisiana


Recycled Concrete Aggregate used in the PCC mix as a surface course must follow the table below:
TABLE 11

	Sieve
	Percent Passing

	37.5 mm
	100

	19.0 mm
	50-100

	4.75 mm
	35-65

	425 μm
	10-32

	75 μm
	3-15


Gradation Requirements for PCC Mix RCA in Louisiana

There are no other known requirements for course RCA in Louisiana Standard Specifications and it does not differentiate between coarse and fine aggregates concerning gradation. (40)
Michigan


Michigan allows the use of RCA as course aggregates in the PCC mix but it must conform to gradation requirements (see Table 9) and certain physical requirements.  The most severe restriction that Michigan places on the use of RCA is that its use is not allowed in mainline pavements with commercial ADT above 250.  Other restrictions include avoiding contamination with other non-concrete materials, testing of freeze-thaw durability, and “different aggregate types can exist in the same stockpile as long as each aggregate type retained on the No. 4 sieve do not differ by more than +/- 10% from average quantity of at least three representative samples.”  (41)
Minnesota

Minnesota’s use of RCA as a coarse aggregate requires specified gradation, specialized handling and stockpiling to prevent contamination, removal of reinforcing steel and the original source of concrete known to the engineer.  Minnesota does not require the washing of aggregate as other states do in order to remove dust particles and increase the moisture content of the RCA prior to use.  (42)

North Dakota


North Dakota specifies the construction requirements of using salvaged or RCA and has a section dedicated to preparation, removal, processing and mixing (section 560).  However, when it comes to placing, the standard specifications refer to section 550, Portland Cement Concrete Pavement, which does not discuss salvaged or RCA at all.  One thing to note with this state, is that during the mixing of RCA into the mix at the plant, at least 20% shall be virgin coarse aggregate. (43)
Virgina


Virgina allows the use of RCA as a course aggregate in the PCC mix with only a few restrictions.  The RCA must meet Virginia Standard Specifications for physical properties and not display any signs of adverse chemical reactions (probably due to ASR concerns).  RCA is not allowed in reinforced cement concrete, in any materials that “contacts geotextile fabrics when used as a drainage item and in backfill or bedding for perforated pipes.” This again is probably due to concern about leaching precipitates into the environment. (44)
West Virginia

West Virginia’s use of RCA as a course aggregate calls for only certain items that are in synchronization with most of the other states using RCA.  First, asphaltic concrete surfacing must be removed if present as well as any reinforcing steel.  The subgrade and base material needs not to be removed with the crushed concrete as this may introduce contaminates and other debris into the aggregates.  Additionally, “the pavement material shall be crushed to pass the 1.5 in sieve (37.5 mm).  Processing equipment shall include a No. 4 screen (4.75 mm) and excessive fines in the crushed material shall be controlled by removal of fines passing the No. 4 screen. (45)
Wisconsin


Wisconsin allows the use of RCA as course aggregates into the PCC mix.  However, they do not allow coarse aggregates obtained from crushed concrete from bridges, culverts or retaining walls.  This probably has to do with the proximity these structures have with either soil or water and are excluded to keep the RCA from having potential problems with modified properties. (46)
Analysis of States Using RCA as a Fine Aggregate in the PCC Mix.


This employment of RCA material is seldom used by the states.  The only state that I could find that included the use of fines in its PCC mix was Wisconsin.  This was found as a subnote in the Standard Specifications that said, “If using crushed stone or recycled concrete coarse aggregate, the engineer may allow up to 45% fine aggregate.” In no other parts of the Standard Specifications could I find anything describing the use of RCA as a fine aggregate for the State of Wisconsin. (47)  
Summary

The majority of states that address the use of RCA within their specifications focus on its uses as sub-base and base material.  These are the most common and wide-spread specifications regarding RCA use.  Although 9 other states do allow RCA to be used in PCC mix as coarse aggregates, this is not an impressive figure considering all 50 states.  Tables 12, 13 and 14 depict which states fall into the different categories of RCA use.
TABLE 12
	Arizona
	May be used for agg subbase and base.  Req's not same as standard specs. If specs not incl. in Spec. Prov., contr. May request use by contacting Materials Group prior to initiating a Suppl. Agreement to allow use of salvage mat. For agg base and subbase

	California
	Can be used up to 100% (Special Provisions)

	Connecticut
	Yes, Grading "B", <= 2% by mass asphalt cement (M.02.02)

	Florida
	Subgrade stab. (914-3.2)

	Illinois
	Coarse Agg (1004.04)

	Indiana
	Subgrade only, size No. 53 (207.02)

	Iowa
	Subbase (2111.02, 2111.06, 4121.01,4123.01)

	Louisiana
	Subbase yes

	Massachusetts
	LA Abrasion Test < 50, gradation req's, approved stockpiles (M1.11.0)

	Minnesota
	Yes, but not near perforated pipes (3149.2)

	Nebraska
	307.02) w/ gradation req's (1033)

	New York
	If RCA used from other than DOT proj, provide doc showing that the material obtained is from NYSDEC registered or permitted C&D facility; 2 alternates, at least 95% by weight of RCA (304-2.2)

	Oklahoma
	Can be used; retained on No. 10 sieve, gradation req's (704.01)

	Pennsylvania
	Subbase only; RCA from DOT, municipal or county projs only; other concrete can be approved showing made using materials approved by DOT (703.2)

	Rhode Island
	Used as granular material for bedding only (M.01.02.2)

	Washington
	Yes up to 100% as base (9-03.21)


States Specifications for use of RCA as Sub-Base Material (16)

TABLE 13

	California
	Can be used up to 100% (Special Provisions)

	Colorado
	Conform to qual. Req. of AASHTO M147 except ratio of minus 200 sieve fraction to the minus 40 sieve fraction (M147 2.2.2)

	Connecticut
	Yes, Grading "A", <= 2% by mass asphalt cement (M.02.03)

	Illinois
	Coarse Agg (1004.04)

	Louisiana
	Kept in approved, dedicated stockpiles, 100% crushed PCC or in combination w. approved stone; complies w/ specified gradation (1003.03e)

	Massachusetts
	LA Abrasion Test < 50, gradation req's, approved stockpiles (M1.11.0)

	Minnesota
	Used singularly or w/ virgin agg or other RCA; special care taken where drainage layers and/or perforated pipes are installed or will be installed, SEE NOTES (3138.2)

	Missouri
	Used for any temp surface, regardless of the type or thickness of agg shown on the plans; If option is exercised, contractor shall notify eng at least 2 weeks prior to using the recy. Conc. And shall identify location from where concrete will be removed; recy. concrete shall be placed in max 4-in lifts and each lift shall be compacted by a min of 3 passes w/ 10-ton roller (304.3.5)

	New Jersey
	Used as Dense-graded aggregate conforms with gradation and plasticity req's (901.08)

	North Dakota
	Remixed at plant; coarse agg consist of min 20% coarse virgin aggreg (560.04)

	Oklahoma
	Used in Econocrete as sole course agg LA Abrasion percent lim to max of 50 (701.15)

	South Carolina
	Yes  ; source shall be inspected, sampled and tested, and approved by the Engineer before material is used. Min 4 weeks shaould be allowed for this sampling (305.02)

	Washington
	Yes up to 100% as base (9-03.21)

	Wisconsin
	>= 90% crushed concrete that is free of steel reinf. And inclu <10% asphaltic pavement or surfacing, base or a combination of asphaltic pavement, surfacing and base (301.2.3.2)


States Specifications for use of RCA as Base Material (15)

TABLE 14

	Connecticut
	Coarse Agg., tested for chloride content prior to mixed w/ virgin agg (M.03.01)

	Florida
	Coarse Agg (901-5)

	Illinois
	Coarse Agg (1004.02)

	Louisiana
	Yes for both  

	Minnesota
	Crushed to spec. gradation, no washing, stockpiled separately, original source must be known (3127.2)

	Virginia
	Coarse Agg must meet phys req & no adverse chem reaction; not used in reinforced cement concrete or in combination with other materials in contact with geotextile fabric when such fabric is used as drainage item and in backfill or bedding for perforated pipe (203.02)\

	West Virginia
	Coarse Agg (501.2.1) 

	Wisconsin
	Coarse Agg, fines <= 45% (501.3.2.2) (501.2.5.4.1)

	Wyoming
	Coarse Agg. (502.5.4.1)


States Specifications for use of RCA as Course or Fine Material in PCC Mix (9)

It is my opinion that states are becoming more comfortable with the use of RCA as sub-base and base material but still defer from using RCA directly into the PCC mix.  I believe that Michigan’s negative experience with RCA is a major factor influencing states’ decisions.  I also believe that many states are reluctant to endorse using RCA into the PCC mix because of the amount of money at stake if a mix design using RCA goes bad and has a short lifespan or shows signs of major distress.  Some states probably don’t want to take that chance just yet.  Considering this, others may be waiting on further developmental research or for other states to really start taking the lead and the rest of the nation to follow.  This could also be a quality control issue as a state may be reluctant to trust other states’ data and analytical results having not conducted the experimentation and field data results themselves.  Some adverse effects of RCA may not yet be known and state pavement engineers may be reluctant to use it with it being a recent development in the last 20-30 years.  However, I strongly believe that many of the states are waiting for either a national directive or to see the majority of the states start using RCA more and endorsing its use nation-wide.   

TRANSPORTATION RESEARCH BOARD REPORTS


The Transportation Research Board had a small collection of reports dealing with Recycled Concrete Aggregate that I thought provided insight on the subject matter.  These reports provided support to the previously listed benefits and drawbacks because they directly drew their data from field tests and investigations.    
Performance of Rigid Pavements Containing Recycled Concrete Aggregates: 2006 Update


This report concluded a 12-year field investigation that began in 1994 and involved the states of Connecticut, Kansas, Minnesota, Wisconsin and Wyoming.  These states had designed and constructed PCC pavements containing RCA and thus had been selected for the investigation.  In 2006, the PCC pavements containing RCA were resurveyed.


The findings of this report suggests that there is no clear correlation between mortar cement and cracking distresses.  The recycled pavement used in the study included RCA from D-cracked and ASR concrete and performed similarly to standard PCC pavements.  Thus, the study concluded that PCC with RCA can perform comparatively to normal PCC concrete. (11)

Fundamental Properties of Concrete Using Recycled Concrete Aggregate Produced Through Advanced Recycling Process

This 2006 TRB  report compares the mechanical and chemical properties of concrete with and without RCA especially concentrating on fine aggregates.  Among the general conclusions, the study reported that as the amount of fine RCA increases in a mix, the compressive strength tends to decrease thus insinuating a negative relationship.  Concerning strength reduction, once the amount of fines reach 60%, the compressive strength of the concrete significantly decreases.  Therefore the study recommends that “fine RCA should not be replaced by more than 60% when coarse RCA ratio is 100% due to strength development and chloride ion permeability rather than other properties investigated herein.” (48)
Mitigating Alkali-Silica Reaction in Concrete Containing Recycled Concrete Aggregate


ASR is a potential problem with concrete especially if RCA comes from material with known ASR history.  This report focuses on the use of fly ash to reduce ASR potential problems.  In the study’s conclusion, 25% fly ash can be used to reduce calcium hydroxide and alkalis and even lower pH.  (49)
Review of Studies Concerning Effects of Unbound Crushed Concrete Bases on PCC Pavement Drainage


The focus of this report is on the leaching of RCA in the base layers concerning drainage and high pH levels.  The fact that calcium-based compounds exist in most RCA and can be leached and precipitated with the presence of carbon dioxide.  The investigation determined that the amount of freshly exposed cement paste surface helps contribute to this problem and is directly related.  The conclusion and recommendations centered on two items: (1) successful blending of RCA with virgin aggregates helps prevent or reduce the amount of precipitate problems, (2) washing of the RCA prior to use can help reduce the accumulation of dust and other particles that can lead to leaching.  (50)
FEDERAL HIGHWAY ADMINISTRATION STATE OF THE PRACTICE NATIONAL REVIEW 


This report published in September 2004 sought to capture the most advanced uses of RCA and then publicize it for state DOTs.  The intention is to provide guidelines, recommendations and specifications for furthering the use of RCA throughout the country. (1)  

Five states were selected based upon their use of RCA and to gain a cross-section of the country.  These states are California, Michigan, Minnesota, Texas and Virginia.  In this report, it provided these five states’ experience with RCA and their current practices.  The report then continued to discuss the environmental considerations, construction and state of practice nation-wide.  The report focuses heavily on the benefits of using RCA such as savings in cost, comparative strength and environmental benefits.  It tended to not dwell too much on the negative aspects of using RCA but did touch on the subjects of reflective cracking, workability and water demand.


In conclusion, the report recommends RCA use be seriously considered because of the economic and environmental benefits it can offer.  However, the report did specify that additional research is still needed specifically about standardized testing between RCA and virgin material as well as drainage problems that exist concerning leaching.  The current state of practice as reported can be seen in the following figures (1):
FIGURE 7
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States Recycling Concrete as an Aggregate.
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States Recycling Concrete as an Aggregate Base
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States Recycling Concrete as Aggregate for PCC
CONCLUSION AND RECOMMENDATIONS


The primary goal of this research report is to investigate the current specifications of how Recycled Concrete Aggregate (RCA) is used nation-wide and provide information to the Washington State Department of Transportation (WSDOT).  Through the examination of individual State Standard Specifications, one now has a clearer picture of who has developed standard practices for how Recycled Concrete Aggregate is to be used.  

The overwhelming trend is the use of RCA as base and sub-base materials.  This conclusion is supported by the September 2004 FHWA Research Report.  However, more states are incorporating RCA now into the PCC mix as course aggregates.  States such as California, Connecticut, Minnesota, Illinois and Virgina appear to be the leaders in the use of this methodology.  The use of RCA as base and sub-base materials involves less risk than incorporating RCA directly into the PCC mix as course aggregates.  


Yet some states today still preclude the use of RCA at all.  As to why this is happening, that is a topic that could possibly be researched in the future and was not the aim of this research report.  We do know that Michigan had problems in the past and has severely restricted the use of RCA in pavements for its highways.  Research is still needed that can depict long-term performance of PCC using RCA with regard to physical, chemical and mechanical properties.  

The use of Recycled Concrete Aggregate has great benefits especially considering the environmental and economical advantages offered with its use.  As concrete materials (cement, high-quality natural aggregate) become more scarce and increase in cost, states will increasingly turn to the use of RCA.  Its benefits can often outweigh the associated detriments but special care and considerations need to be taken when taking into account what negative aspects can happen when using RCA and what precautions are needed in order to prevent possible problems.  The past problems of RCA have not brought about a negative light to it but have required a greater scientific examination about possible repercussions when using recycled concrete resulting in more in-depth  research and studies.  If environmental and economical concerns are high enough, expect Michigan to overcome its deficiencies and once again use RCA in pavement structures.

Recommendations

The use of RCA in the rehabilitation of a major Portland Cement Concrete interstate highway cannot be overlooked.  Washington State already allows the use of 100% RCA in its base and sub-base layers of pavement created with RCA.  The environmental impact of wastefully filling up landfills unnecessarily can be averted with the recycling of concrete to the maximum extent possible.  Recycling on-site or at a near-by location offers the advantages of shorter haul distance, less turn-around time and creates a nearby supply for aggregates to be used as base, sub-base or in the PCC mix.  The cost of dumping broken asphalt or concrete at a local Renton, Washington facility is seen in the figure below (51):

FIGURE 10
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Dump Fees for Renton Concrete Recyclers.
The  cost per cubic yard for dump fees is quite high.  A lot of money could be saved by recycling the concrete as aggregate instead of wastefully filling the landfills at expensive prices.  If one can recycle on-site, then concerns over haul distances that would be necessary for virgin aggregate  can be disregarded and would prevent a lot of additional ESALs on the surrounding transportation system.  
Regarding the detrimental effects of using RCA, one needs to take the necessary precautions especially concerning leaching and reflective cracking.  The benefits that include the use of RCA as a base course concurrent with different State Standard Specifications and current state of the practice have shown the popularity and wide-spread usage of RCA in base courses of PCC design.  Recycling concrete is beneficial to the environment, economical and can be successfully engineered.  It is a popular method throughout the individual state transportation authorities especially as base course materials for roadways.  Recycled concrete does have negative aspects associated with it but most of these can be overcome by careful mix design, testing and quality control.  

It is my intention that this research report has provided the audience with the knowledge of what other states require regarding the usage of RCA in PCC.  Hopefully this will inspire any necessary changes or updates including new or additional research especially when a particular specification from another state was not previously known.  The Recycling of Concrete Aggregates is a somewhat new method that does need more long-term studies, but those long-term studies will never come about if states don’t invest the time and effort into incorporating it in their transportation planning.
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