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ABSTRACT 

Composite concrete pavement has a longer serviceable lifetime compared to other pavement 

types.  The increase in material and construction costs are mitigated by using a low cost concrete 

in the lower lift of the pavement.  The two cost lowering measures discussed in this report are the 

use of recycled concrete aggregates and lowering the portland cement content through 

supplemental materials including fly ash and lime softening residuals. Recycled concrete 

aggregate concrete plastic and hardened properties are greatly improved when a two-step 

industrial sized crushed is used for the production of the recycled aggregates. Recycled concrete 

workability issues can be mitigated and the compressive strength increased by using a technique 

called internal curing from soaking the recycled aggregates till saturated.  The portland cement 

can be partially replaced by fly ash and a water treatment byproduct called lime softening 

residual.  The lime softening residuals increase the strength gain rate of the fly ash concrete.  The 

assumed vehicle of this increase is the availability of hydrated lime for the fly ash particles.  Both 

methods of lowering concrete cost show little to know change in the overall strength of the 

concrete and therefore may make composite pavement in the United States more viable.
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CHAPTER 1. RESEARCH OVERVIEW 

 

1.1 Introduction 

 

Construction of the United States interstate system used approximately 300 million cubic 

yards of concrete to complete and maintain. (ACPA 2006) The use of concrete for our 

roads means a transportation system with a longer service life resulting in lower 

monetary costs and disruptions to users.  The concrete used in pavements is becoming 

more sustainable because waste products such as fly ash and granular blast furnace slag 

from coal-fire plants and iron production, respectively, are regularly substituted for 

cement.  With the goals of reducing carbon emissions resulting from the cement 

manufacturing process and reducing the quantity of non-renewable virgin aggregate used 

in concrete, there are still new opportunities to explore further substitution of waste 

products for virgin products in concrete.  To further these goals, this research project 

investigated feasible alternative sources of both cementitious material and virgin 

aggregate in the forms of high volumes of fly ash combined with hydrated lime and 

recycled concrete aggregates, respectively.  

 

1) The field study in this thesis investigates the construction of recycled concrete 

and high volume fly ash concretes as a lower lift in a composite pavement to 

increase interest in recycled concrete, high volume fly ash concrete and composite 

pavement design. 

2) This thesis will investigate the use of alternative aggregate resources and 

portland cement substitution to lower the cost of the concrete.   

3) This thesis will specifically investigate construction and demolition waste in 

the form of coarse recycled concrete aggregates (RCA) and briefly discusses 

concrete with lower quality mainly as a form of concrete cost reduction.  

4) This thesis investigates high volume fly ash content and hydrated lime in the 

form of lime softening residuals as portland cement substitutes to lower the cost 

of concrete. 
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This thesis reviews literature and utilizes laboratory and field research testing to provide 

evidence and guidance for the increased use of these waste materials in concrete 

pavements in the United States. 

 

1.2 Background 

 

This report is a part of the SHRP 2, R21 projects whose goal was to further the use 

composite pavement technology in the United States.  In order to increase the viability of 

this technology, low cost materials were incorporated in the concrete.   

The SHRP 2 R21 project included the construction of three composite pavement sections 

that consisted of combinations of RCA concrete, high strength concrete with exposed 

aggregate, a low cost concrete, and asphalt. Test batches were made to determine 

workability, proper mix design and accommodations needed for the different aggregates 

and fly ash contents in the concretes.  All field and laboratory testing were used to create 

recommendations for construction of the composite pavements and the accommodation 

of RCA or high volumes of fly ash. 

1.2.1 Composite Pavement 

The composite pavement design is intended to increase the pavement service life be 

increasing the thickness of the pavement while acknowledging that high strength concrete 

is not needed throughout the thickness.  To reduce the cost, the pavement is divided into 

layers based on the performance needs.  These two lift rigid pavements will be referred to 

as a composite pavement.  The composite pavement allows for a thicker overall structural 

layer with a thin high strength concrete on top and a thicker low cost concrete on the 

bottom.  This low cost bottom layer is ideal for recycled materials that may lower the 

strength or durability but are significantly less expensive.   

The two low cost concretes in this report are referred to as Recycled Concrete Aggregate 

(RCA) concrete and Low Cost concrete.  The low cost concrete portion uses provisions 

such as alternative aggregates or cement substitution to lower the cost of the concrete, 

respectively. 



 3 

Composite pavements using the above mentioned techniques are a standard design for 

major roads in Austria, Germany, and the Netherlands( Hall at el. 2007, Springenschmid 

and Fleischer 2002).  These roads have long service lives even under heavy traffic loads.  

Composite pavements have been used in the United States also, but not on a regular 

basis.(Cable and Frenstress 2004)  The field study in this report investigates the 

construction of recycled concrete as a lower lift in a composite pavement to increase 

interest in both recycled concrete and composite pavement design. 

1.2.2 Low Cost Provisions 

Composite pavements require two pavers for placement, capacity to potentially produce 

two types of concrete, and a larger volume of concrete due to the increased thickness.  To 

offset the increased labor and material cost of the two lift pavement system, lower cost 

components are used in the lower lift concrete.   This paper will investigate the use of 

alternative aggregate resources and portland cement substitution to lower the cost of the 

concrete.   

1.2.2.1 Alternative Aggregate 

Natural aggregates are a limited natural resource that must be quarried or collected and 

hauled from its source.  The quarrying and hauling increasingly adds to the cost and 

environmental impact as the natural aggregate supply diminishes and sources are at 

greater distances.  Alternative aggregates such as recycled construction and demolition 

waste aggregates or lower quality natural aggregates lower the cost and can lower the 

environmental impact of this concrete component.   

Recycled Concrete Aggregates (RCAs) are a low cost alternative to natural aggregates 

produced from crushing demolished concrete.  Typically only the coarse RCAs are used 

for new concrete because the fines have negative effects on the workability and strength 

of the new concrete.  RCAa are assumed to lower the cost of the concrete pavement 

construction due to decreased landfill volume for the demolished concrete pavement and 

hauling distances for the new aggregates. Recycled concrete aggregates are used in the 

subbase of pavements, but have not been used widely in the structural layers of the 

pavement.   
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1.2.2.2 Low Cement Content 

Portland cement is typically the highest cost component of concrete by volume.  Portland 

cement production also produces the greatest volume of carbon dioxide emissions than 

any other component in concrete. (Huntzinger and Eatmon 2009)  To decrease portland 

cement’s environmental and monetary costs, its volume can be lowered outright or 

pozzolanic or other cementitious material can be substituted for the cement.  Fly ash and 

blast furnace slag are the most common cement substitution.  However, a lower cement 

content will lower the strength, especially the early strength, of the concrete.  If a lower 

strength is not an option, mitigation techniques are available to allow for higher volumes 

of supplementary materials and lower cement content.  One such measure is increasing 

the availability of hydrated lime to react with the supplementary cement materials and 

contribute to the strength and durability of the concrete.  This report investigates high 

volume fly ash content and hydrated lime in the form of lime softening residuals as 

portland cement substitutes to lower the cost of concrete.  

1.3 Project Overview 

 

1.3.1 MnROAD 

MnRoad is a pavement testing facility operated by the Minnesota Department of 

Transportation (MnDOT).  The pavement testing facility near Albertville, MN 

accommodates two lanes of Interstate 94 traffic and is comprised of multiple 500-foot-

long rigid and flexible pavement test sections referred to as cells.  For the SHRP 2, R21 

project, three of these cells were demolished and replaced them with composite pavement 

sections.  In the first cell, cell 70, the lower lift was composed of six-inch-thick RCA 

concrete and the upper lift consisted of a three-inch-thick asphalt.  The second cell, cell 

71, lower lift was also six-inch-thick RCA concrete and the upper layer was three-inch-

thick exposed aggregate concrete (EAC).  The third cell, cell 72, lower lift was six-inch-

thick low-cost concrete and the upper lift was three-inch-thick EAC. 

1.3.2 Recycled Concrete Aggregate 

The coarse RCA was produced from the concrete pavement demolished to allow for the 

installation of the new composite concrete pavements for the R21 project.  The concrete 
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pavements could not be demolished until two weeks prior to the construction of the new 

two-lift pavements.  Therefore, alternative but similar recycled aggregates were used to 

develop the RCA concrete mix design.  The RCA to be used for the R21 composite 

pavement had gravel coarse aggregates and would be crushed using an industrial-sized 

crushing system composed of a jaw crusher and cone crusher.  This RCA will be referred 

to as Gravel Industrial Crushed (GI) RCA. 

Initially, it was not clear what RCA would most resemble the RCA that would be used 

for actual construction.  One of the recycled aggregates was made from a pavement that 

was similar in aggregate type (river gravel), age (17 years), and cement content to the 

pavement that was going to be used for the composite pavement construction.  There was 

not enough of the pavement to use an industrial crushing system.  Therefore, it was 

crushed with a much smaller laboratory jaw crusher.  This RCA will be referred to as GL 

RCA.  The other recycled aggregate option was a demolished concrete pavement that 

incorporated limestone aggregate and an unknown cement content but was crushed with 

Recycled Coarse Aggregate 
 

Poorer Quality Aggregate 

Recycled Coarse Aggregate 

 

 

Asphalt 

High Strength Concrete 

High Strength Concrete 

Figure 1. SHRP2, R21 composite pavement sections 
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the same industrial process as would be used to crush the pavement into RCA for the 

SHPR2 R21 project using a larger jaw and secondary cone crusher.  This RCA will be 

referred to as Limestone Industrial Crushed (LI) RCA.   

 

1.3.3 Lime Softening Residuals 

All of the lower lifts in the SHRP 2 R21 field construction were high volume fly ash 

(HVFA) concrete, though the two mixes differed in the fly ash substitution percentage.  

This report regards fly ash replacement volumes greater than 30% as high volume fly ash.  

Both the construction of the HVFA concrete pavements and further laboratory testing 

were used to investigate and create recommendations for the high volume fly ash 

concrete.  The main concern with HVFA concrete is the slow strength gain resulting in 

low early strength.  To increase the strength gain rate powdered hydrated lime, in the 

form of lime softening residuals, was added to the concrete.  The mechanism for the 

strength gain is discussed in the literature review and in the laboratory investigation in 

Chapter 7.  Lime softening residuals are a waste product from lime softening of 

municipal drinking water.  The spent lime was collected from three municipality water 

treatment plants.  The plants varied by water source, chemical treatment type, and 

thickening method.  The lime softening residuals were dried and added to the fly ash and 

portland cement. Lime softening residuals will be abbreviated as LSR.  
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CHAPTER 2. LITERATURE REVIEW: RECYCLED CONCRETE 

AGGREGATE 

 

Coarse recycled concrete aggregates (RCAs) lower the cost of the concrete because the 

material is on site and less material is landfilled. Coarse RCAs are produced from 

demolished and crushed concrete, usually originating from pavements.   The attached 

mortar causes changes in some properties compared to natural aggregates.   However, 

these changes may be negligible if the RCA processing and preparation are adjusted. 

 

2.1 Recycled Coarse Aggregate Production 

 

2.1.1 Types of crushers 

The RCA classified for this study was crushed by two different systems.  One was an 

industrial crushing operation that included a primary jaw crusher (Figure 2) and a 

secondary cone crusher (Figure 3).  The second type of crusher was a small laboratory 

jaw crusher (Figure 4).  

Figure 2. Industrial jaw crusher 
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2.1.1.1 Industrial Crushing System 

During the industrial crushing process, concrete pieces of about 12 to 16 inches are fed 

into the primary jaw crusher.  (ACI 2001) The jaw crusher jaws are distanced to adjust 

the maximum aggregate size produced. (Hansen 1992)  The jaw crusher produces good 

recycled aggregate size and a predictable gradation for concrete production. (ACI 2001, 

Hansen 1986, Hansen 1983)   

The cone crusher is used as secondary crusher to further remove the mortar from the 

natural aggregates. The additional removal of mortar from the aggregates produces less 

angular or oddly shaped pieces and aggregate with lower absorption capacity.  This 

suggests that the mortar content on the recycled aggregates determines the overall 

qualities of that aggregate. Though higher cost is incurred, the additional crushing 

removes attached mortar and thereby produces a higher quality of recycled aggregate 

(Sanchez de Juan 2009).  The cone crusher must be used as a secondary crusher because 

it cannot handle materials greater than 200 mm (Hansen 1992).   A cone crusher squeezes 

material between an eccentrically gyrating spindle and a bowl below.  As the pieces are 

Figure 3. Industrial cone crusher 
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broken they fall to the lower, more closely spaced part of the crusher and are further 

crushed until small enough to fall through the bottom opening. (Kivikyto-Reponen 2009)    

 

2.1.1.2 Laboratory Crushing System 

The smaller laboratory crusher is more commonly used in the study of RCA because  

large quantities of material are needed to be properly crushed and collected by an 

industrial crushing system.  The laboratory crusher is a jaw crusher and uses the same 

mechanism as the jaw crusher described above, but can crush smaller quantities of 

material and fit in a laboratory.  Due to the closeness of the jaws and smaller quantity of 

material, the crusher tends to break both the mortar and aggregate.  This produces more 

angular pieces with a higher percent of attached mortar. (Hiller 2010)    

 

2.1.2 Aggregate-Mortar Separation 

The aggregate matrix bond is still important with RCA as it is with natural aggregates.  

The strength of the concrete is determined by the bond strength prior to a mortar strength 

Figure 4. Laboratory jaw crusher 
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equivalent to the aggregate strength.  (Giacco 1998)  The strength of the bond is 

determined by the aggregate surface as is discussed in the aggregate-mortar separation 

section. 

 The RCA properties are determined by the attached mortar content and the natural 

aggregate, which affects the aggregate-mortar separation and new RCA shape.  An 

aggregate with a rough surface, such as crushed aggregate, will have a stronger bond with 

the mortar than a sawn or smooth-surface aggregate.  The crushed rock has a higher bond 

strength and therefore is less likely to initiate cracking at the interface.  The crushed rock 

tends to be weaker and is therefore more likely to fracture through the aggregate rather 

than at the interface if the matrix is sufficiently strong. RCA production generally uses 

concrete in a structure at the end of its effective life.  Thus, the concrete is close to its 

maximum strength at the time of crushing. In concrete produced with smoother 

aggregates, the interface is generally the weakest point.  When the concrete is crushed to 

produce RCA, the smoother surface should allow better separation of the mortar and 

natural aggregate. (Giacco 1998)  Good mortar-aggregate separation is needed because 

the removal of this mortar improves the concrete properties and therefore should be 

considered when determining the cost of additional processing and aggregate choice 

(Cuttel 1994). 

 

2.1.3 Sieving 

After the concrete is crushed, it is sieved to remove finer particles and grade the final 

product.  Sieving equipment is already part of an industrial crushing system so no 

additional costs are incurred. 

 

The fine aggregate resulting from concrete crushing and RCA production must be 

removed from the coarse aggregate pieces.  The fine aggregate portion of crushed 

concrete is generally taken as particles passing the #4 sieve.  Coarse aggregates are most 

efficiently sorted with inclined, low frequency vibrating screens (Hansen 1986).  ACI 

(2001) advises that material smaller than 2mm be removed because most of the strength 

loss comes from these particles. 
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2.1.4 Additional Preparation 

The aggregate may also need additional preparation prior to its addition to the concrete.  

Washing the aggregate is generally the most common for RCA and natural aggregate.  

Presoaking has been used in lightweight and RCA aggregate to improve other properties. 

2.1.4.1 Washing the RCA 

Eliminating the fine fraction of RCA that is used in concrete is a common practice.  

However, there is not a consensus on the necessity of washing coarse aggregates prior to 

using them in concrete.   Fine particles increase cohesion among cement and fine 

aggregate particles which influences the ability of the cement paste to cling to itself and 

the aggregates. (Hansen 1983)  

 

A recently published paper on the treatment of RCA indicates that for RCA to be used in 

concrete the RCA must be washed to lower the fine particle content (Cuperus 2003).  

Another study concluded that washing RCA increased the strength and permeability, 

while having no effect on the drying shrinkage (Yanagi 1992).  Currently, ASTM C33 

allows for 1.5 percent of the coarse aggregate fraction to be smaller than the #200 sieve 

with exceptions that could apply to coarse RCA.  Technically, this implies that some 

coarse RCA could be used without washing.  Ultimately, the decision to wash or not 

wash are decided by the impact that the residual fines have on the workability of the 

concrete. 

 

2.1.4.2 Presoaking the RCA 

The coarse RCA should be incorporated into concrete in a saturated surface dry state in 

order to mitigate the unpredictable water demand created by the residual mortar attached 

to aggregates (Shulz 1993).  According to Shulz (1993), presoaking to the point of 

saturation is the best method because it ensures consistent moisture content and makes 

the high absorption capacity irrelevant.   The suggested length of presoaking time varies 

between researchers.  Hansen (1992) observed that air-dry coarse aggregates became 

saturated in the concrete mix after 15 minutes. Hansen (1992) also suggested that an hour 
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of soaking should be sufficient for the RCA to reach saturation.  However, Kaga et al. 

found that more than 24 hours of immersion in water was necessary for complete 

saturation of RCA (Hansen 1992). 

 

2.2 Recycled Coarse Aggregate Properties 

 

The volume of attached mortar mainly determines the absorption and density properties 

of RCA.  The attached mortar increases the absorption capacity (AC) of the aggregate 

and reduces the bulk specific gravity (BSG) or density of the RCA.  The AC and BSG 

both affect the final mix design. Because of these effects, an investigation of multiple 

studies concluded that mortar content should be limited to 44 percent if the RCA is to be 

used in structural concrete. (Sanchez de Juan and Gutierrez 2009)  

The attached mortar content increases with decreasing size of the aggregate particle.  

Hansen found that the amount of attached mortar doubled for the 4 - 8 mm aggregates 

compared to the 16 to 32 mm aggregates.(Hansen 1983)  This is likely why fine RCA 

leads to workability and strength declines. (ACI 2001, Hansen 1986) 

2.2.1 Absorption Capacity 

In general, RCA has higher absorption capacity than conventional aggregate due to the 

attached mortar (Dalati 2007, ACI 2001, Sanchez de Juan and Gutierrez 2009).  

Conventional aggregate absorption capacity is typically 1 to 3 percent (Baragii et al. 

1990).  Typical absorption of RCA quoted in the literature was 3 to 6 percent, and 

sometime as high as 10 percent.(Baragii et al. 1990, Hansen 1986, Sanchez de Juan and 

Gutierrez 2009).  The high aggregate absorption can be detrimental to concrete because 

aggregate with a high absorption capacity results in a highly variable moisture content 

throughout the stockpile.  Variable moisture content in a stockpiled aggregate can result 

in unpredictable workability. (Shultz 1994)  Due to the affect of absorption, the RILEM 

specifications for RCA recommend that RCA with an  AC above 10% not be used. 

(Henricksen 1994) 

 



 13 

 

2.2.2 Specific Gravity and Density 

The density and specific gravity of aggregates are used to construct a concrete mix 

design.  Hansen (1986) stated that SSD densities must be found to calculate a viable mix 

design for RCA concrete.  There is also high correlation between the strength and 

modulus of elasticity and bulk density when measured in the SSD or OD state (Shulz 

1994).  Therefore, the testing the RCA bulk density allows for more accurate quality 

control of the RCA concrete.    

In general, the specific gravity of RCA is slightly less than that of the original aggregates 

due to the attached mortar ( Hansen 1986, Bairagi 1990, Fathifazal 2008).  Natural 

aggregates have saturated surface dry (SSD) density ranges of 2,500 to 2700 kg/m3 and 

mortar has a density closer to 2000 kg/m3 (Hansen 1986).  Sanchez de Juan and Aleajos 

(2009) concluded that a bulk specific density larger than 2160 kg/m3 indicates a suitable 

coarse RCA because it indicates a low enough mortar content.  The RILEM RCA 

specifications (Henrichsen 1994) broke down the SSD density: 

Max content < 2200 kg/m3 10 percent 

Max content < 1800 kg/m3 1 percent 

Max content < 1000 kg/m3 0.5 percent 

It has also been observed that the specific gravity of RCA reduces with decreasing RCA 

size due to increasing mortar content (Hiller 2010).   

2.2.4 Gradation 

The gradation requirements for the concrete mix apply to the RCA and must still comply 

with the construction specifications (Henricksen 1994).  As noted in the crushing 

methods section, the gradation is determined by the processing method.  A closed system 

crushing and collection system provides greater control and less variation. (ACI 2001, 

Hansen 1992, Hansen 1986) The type of natural aggregate also contributes to the 

gradation following crushing.  For example, RCA from limestone aggregate concrete was 
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found to be more uniform in size and angularity than river gravel RCA (Fathifazal 2008).  

This will determine the aggregates ability to compact or fit together which again controls 

the workability (Neville 1981).  

2.3 Recycled Concrete Aggregate Concrete 

 

2.3.1 Mix Design 

The RILEM Recycled Concrete Specification states that the conventional design 

principles and application rules are applicable (Henrichsen 1994).  Bairagi et al. (1990) 

found the best mix design for recycled aggregate was that resulting from the ACI method 

as compared to the Is Code, RRL and Surface and Angularity Index methods. The ACI 

method gave the best strength results for RCA and natural aggregate concretes.   

The mix design must take into account changes the plastic and hardened properties 

caused by the use of RCA in the concrete. These differences  

2.3.2 Recycled Coarse Aggregate Concrete Plastic Properties 

2.3.2.1 Air Entrainment 

Most studies concluded that RCA concretes contain more or similar amounts of air 

entrainment (ACI 2001, Hansen 1986, Hansen 1983).  Mukai et al. (1979) found the air 

percentage to be higher and more varied (ACI 2001).  Cuttell (1994) points out that the 

volumetric method is more suitable than the pressurized method due to “due to the porous 

nature of recycled concrete aggregate.” 

2.3.2.2 Workability 

The RCA type, quality and replacement level all affect the workability of the concrete 

(Yang 2008).  The workability is also affected by the increased angularity and rough 

surface texture of caused by the attached mortar content, crushing technique and natural 

aggregate type (Gress 2009, Cuttell 1994, Neville 1981).  The workability is also affected 

by the variable absorption capacity of the RCA caused by variable and unpredictable 

residual mortar content (Hansen 1983, Hansen 1992).  Hansen (1986) recommended that 
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RCA be presoaked to offset the aggregate moisture uptake.  Due to the high absorption of 

the coarse RCA, an average of 5 percent extra water will be required for a slump similar 

to that of normal concrete.  This increases to 15 % additional water if fine RCA is used. 

(ACI 2001)   

2.3.3 Recycled Coarse Aggregate Concrete Curing 

2.3.3.1 Internal Curing 

Through adequate preparation of the coarse RCA, concrete strength loss can be mitigated 

and even reversed (Cleary 2008).  RCA, like lightweight aggregate (LWA), benefits from 

saturation prior to implementation.  This is due to a mechanism called internal curing.  

The RCA and LWA are more porous than natural aggregates.  The absorption capacity is 

therefore greater as described above.  The additional water available in a saturated 

aggregate is drawn out when the mix water has been completely used. (Bentz 1997)  The 

additional water then hydrates the unhydrated cement particles remaining.  This 

mechanism is only effective if sufficient water is available in the aggregate pores. 

The effect of internal curing is seen more clearly in concretes that use pozzolans as part 

of the binder (Cleary 2008).  This is because the pozzolanic material needs to react with 

hydrated cement particles to contribute to the strength and decrease porosity (Neville 

1981).  This indicates that the rate of strength gain should increase with internal curing.  

The Ohio Department of Transportation studied concrete bridge decks for cracking.  The 

study found that no cracks were present when the concrete was made with coarse 

aggregate with an absorption capacity greater than 2 percent.  The two percent absorption 

capacity provided 27 additional pounds of water per cubic yard for the high performance 

concrete as compared to only 13 pounds for one percent absorption capacity.  The 

additional storage of water allowed for more complete hydration and therefore less 

shrinkage.  Texas also uses internal curing for residential pavement.  They found it 

increased the strength by an average of 1000 psi. (Cleary 2008) 

Internal curing also decreased early shrinkage in low w/cm concrete and autogeneous 

shrinkage in the Ohio and another study (Cleary 2008, Liu 2010).  This indicates that 
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early cracking is reduced and therefore overall durability may be improved (Bentz 1997, 

Cleary 2008, Lui 2010).   In one study, the use of saturated lightweight aggregates 

(LWA) reduced autogeneous shrinkage and reduced the associated stresses.  The study 

found that the smaller-sized LWAs were more effective in decreasing the autogeneous 

shrinkage.  This is due to the shorter distance of the aggregates, and therefore stored 

water, to the cement particles through denser packing.  (Liu 2010)  Bentz et al. (1997) 

also only replaced the fine aggregate portion with lightweight aggregate for internal 

curing.  He concluded that internal curing decreased autogeneous shrinking but decreased 

the compressive strength.  

2.3.4 Recycled Coarse Aggregate Concrete Hard Properties 

The RILEM “Specifications for concrete with recycled aggregates” gave corresponding 

factors for tensile strength, modulus of elasticity, creep and shrinkage to correlate RCA 

concrete with natural aggregate concrete.  The specifications did not include a factor for 

durability or strength, citing inconclusive data.  (Henrichsen 1994) 

2.3.4.1 Strength 

Bairagi et al. (1990) also found that a modified aggregate to cement ratio for a given 

w/cm yielded predictable concrete strengths.  This indicates that the same strength gains 

can be predicted for RCA concretes as would be found in normal concretes.  Bariagi et al. 

(1990) also reported that 8 to 13 percent additional cement would be required for the 

same strength. 

Another RILEM report stated that the normal concrete free water to cement ratio remains 

valid for RCA concretes.  Again this means no special accommodations are needed in the 

mix design for strength rate predictions.  However, one study also shows that the RCA 

concrete strength values have a higher coefficient of variation.  This means that strength 

needs to be overestimated to account for greater uncertainty.  Statistical data is already 

used to increase the certainty that the design strength is achieved.  (Hansen 1983) 

Studies have shown that concrete produced with laboratory crushed RCA had strength 

reductions not seen in commercially crushed RCA. (Sagoe 2000, Hiller 2010, Fathifatzl 
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2008)  However, one of these studies did not find a significant difference in the 28 day 

compressive strength of the concrete with commercially produced RCA compared to 

concrete with conventional aggregates (Sagoe 2000).  

2.3.4.2 Shrinkage 

Shrinkage was found to be higher with RCA concrete than concrete with natural 

aggregates (Hansen 1992, Ajdukiwicz et al. 2000, ACI 2001).  In one study shrinkage 

increased by 20 to 50 percent, with more shrinkage for higher strength concrete (ACI 

2001).  This is due to the increase in mortar content introduced by the attached mortar 

and increased cement content (Hansen 1992, ACI 2001, Wesche and Shultz 1982).  It 

was therefore concluded that secondary crushing of RCA would reduce shrinkage. 

(Hansen 1992, Fujii 1991)  Saturating the RCA also mitigates shrinkage as discussed in 

the section on internal curing.  

2.3.4.4 Durability 

Another main concern with pavements is freeze-thaw resistance.  Again, results are 

mixed.  Several studies report no significant difference in durability while others showed 

higher resistance. (Ajdukiewicz et al. 2000, Hansen 1992, ACI 2001, Hansen 1986)  A 

few studies show lower resistance. (Hansen 1992, Salem 2003)  Additionally, one study 

showed that air entrainment was the best method to increase resistance compared to 

simply lowering the water-cement ratio. (Salem 2003) 

The specification for concrete with recycled aggregates published by RILEM 

recommended the same durability testing, based on exposure class, as for concretes made 

with natural aggregates.(Henrichsen 1994)  The specification was more concerned with 

reinforced concrete that would be affected by an increased "speed of carbonation and 

chloride ingress [that] may be larger" in recycled concrete due to previous exposure. 

(Henrichsen 1994) 

The durability can be increased due to the higher percentage of hydrated cementitious 

particles.  The water pulled from the saturated pores after the mix water has been 
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consumed facilitates the additional hydration.  This allows for a denser matrix (paste), 

thus decreasing the permeability. (Cleary 2008)   

2.4 Summary 

 

The properties of coarse recycled concrete aggregates (RCA) are dependent primarily on 

the type of natural aggregate and the crushing method.  These greatly influence the 

attached mortar content, size, shape, and porosity of the RCA.  The attached mortar is the 

main difference between RCA and natural aggregates. It increases the absorption 

capacity, lowers the specific density.  The high absorption capacity can lead to issues 

with moisture corrections. 

  

RCA concrete can be designed using mix design methods similar to those used for 

conventional concrete.  Changes in plastic and some hardened properties of the concrete, 

however, will require specific mitigation measures such as saturating the RCA. 

 

RCA concrete workability is more unpredictable than in conventional concrete due to the 

high absorption rate.  This however can be mitigated through saturation of the RCA or 

additional moisture content testing. 

 

There was not enough evidence to require any changes in the design for compressive 

strength or durability for the European RCA concrete design guidelines.  However, the 

guidelines had some correction factors are needed for changes in the tensile strength, 

modulus of elasticity, creep and shrinkage.  The high absorption capacity allows for an 

internal curing mechanism.  During the curing processes the aggregates release water in 

its pores after the mix water has been used in the hydration process.  This allows 

additional particles to become hydrated which lowers autogeneous shrinkage.  This may 

mitigate shrinkage problems that are associated with RCA concrete due to the higher 

mortar content. 
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The effect of RCA on the durability of concrete is not conclusive across all studies.  

However, RCA concrete may be more vulnerable to carbonation or chloride egress due to 

previous exposure of the demolished concrete.   
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CHAPTER 3. LITERATURE REVIEW: LOW CEMENT CONTENT CONCRETE 

 

Portland cement has the highest cost and environmental impact of the components in 

concrete. The portland cement is formed from ground and heated limestone.  When 

hydrated, it forms a matrix to strengthen the paste and adhere to the aggregates.  

Alternatives that offer some of the same advantages are needed to lower the cost and 

environmental impact of the portland cement.  The most common alternatives are 

pozzolans such as fly ash.  Less common alternatives are under refined limestone, 

hydrated lime, and lime softening residuals from water treatment facilities.  All of these 

supplementary cementitious or pozzolanic materials do not provide the same level of 

strength gain rates as portland cement. 

 

3.1 High Volume Fly Ash Concrete 

 

Fly Ash is not a cementious material, but when the alumino-silicates in fly ash react with 

the hydrated portland cement byproduct, calcium hydroxide (CaOH2), the resulting 

compound has cementious properties.  This secondary reaction is slower because the 

portland cement must first produce the byproduct.(Berry and Malhotra 1987)   The 

addition of fly ash to portland cement concrete (PCC) can improve durability by 

decreasing permeability and increase later strength. 

Fly ash is a waste material already being used to partially substitute portland cement at 

volumes less than 30%.    Because fly ash cost significantly less than portland cement, it 

is of great interest to find a balance between low cost and expected performance.  The 

research below shows that volumes above 30% can be used.  This will be referred to as 

high volume fly ash (HVFA) concrete.  

3.1.1 Plastic Properties 

The addition of fly ash decreases water demand due to the spherical shape of the particles 

(Berry and Malhotra 1987).  This results in a higher initial and final slump (Duran and 

Herrera 2010).  However, it is the unburned carbon content that will determine the water 
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requirement of the fly ash.  This is because the unburned carbon results in larger particle 

sizes (Atis 2005).   

3.1.2 Curing 

The initial setting time increases with increased fly ash content (Duran and Herrera 2010) 

because the fly ash needs a hydration product from the portland cement before it 

contributes to the strength structure.    Though the fly ash is slower react, it will not 

“retard the hydration of cement particles” present in the concrete. (Atis 2005) 

The heat of hydration will be lowered due to the lack of heat produced from fly ash 

reacting than the portland cement it is replacing. (Duran-Herrera et al. 2010).  The heat of 

hydration of fly ash is 40% to 90% that of cement (Kosmatka, 2011).  This is important 

primarily for mass concrete pours when it is necessary to reduce the heat of hydration.  

The lower heat of hydration means lower thermal stresses and therefore potentially less 

cracking. (Bentz et al. 2010) 

HVFA concrete is also more sensitive to the curing conditions.  Moist curing will 

increase the strength gain rate of the concrete with greater fly ash content.  If the fly ash 

concrete is moist cured, the strength gain equals that of portland cement at 28 days.  Even 

curing condition of 65 percent relative humidity increased early and late flexural 

strengths. (Atis 2005) Therefore moist curing should be used to mitigate low strength 

whenever possible. 

3.1.3 Strength 

 When fly ash replaces portland cement, the early compressive strength is decreased due 

to the slower pozzolanic reaction (Berry and Malhotra 1987, Mymrim 2005).  While the 

early strength of concrete with fly ash substituted for portland cement may be lower than 

concrete made with 100% Portland cement, the long-term strength is typically higher.  

The decrease in compressive strength lessens for 56 days, at which point it reverses 

(Duran-Herrera et al. 2010).  One study showed the compressive strength at 90 days for a 

20 to 40 percent replacement is greater than the concrete with 0% fly ash (Mymrin and 

Correa 2005).  Another study showed that the rate of strength gain increases from 28 to 
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365 days with an increase in fly ash content up to 50 percent.  During this same time 

period, the 50 percent fly ash concrete strength gain percent was 95.5 percent compared 

to 43.6 percent strength gain of the concrete with no fly ash replacement.  (Kumar et al. 

2007)  A study by Rafat Siddique concluded that the flexural strength of concrete will 

decrease with increasing replacement of cement by fly ash. (Sidique 2003) 

The low early strength can also be mitigated with the use of high early strength cement 

(Type III), addition of gypsum, addition of calcium hydroxide (lime), or a low w/cm 

ratio.  Bentz et al. (2010) found that the replacement of type II/V cement with type III 

cement increased the one-day strength of the HVFA concrete to the equivalent of the 100 

percent cement specimen made with Type II/V cement.  He also observed a higher 

strength for Class C fly ash after seven days due to the higher calcium oxide (unhydrated 

lime) content.  Additionally, the fly ash allows for a lower w/cm ratio, at the same 

workability, which increases the strength of the concrete. (Berry and Malhotra 1987)  A 

low w/cm ratio increases strength by reducing the number of void in the concrete after 

the water has been used for hydration or evaporated (Neville 1981). 

Regardless, HVFA concretes can meet requirements for compressive, split-tensile, and 

flexural strength for pavement construction at sufficiently low w/cm ratios (Atis 2005, 

Kumar et al. 2007) Though a fly ash content of 70 percent replacement can produce these 

results, the long term gains begin to decrease after 50 percent replacement (Kumar et al. 

2007, Atis 2005).   

3.1.4 Other Hardened Properties 

Durability of high fly ash concrete is improved because the fly ash causes chemical 

reactions in which strengthening compounds are formed and take up space in the concrete 

matrix that would otherwise be filled with water or air.  This process decreases the 

permeability of the concrete paste. (Barbhuiya et al. 2009). 

For all concrete, shrinkage occurs in the paste portion of the concrete and causes cracking 

(Neville 1981, Kumar at el. 2007).  Drying shrinkage decreases with decreasing w/c ratio.  

Fly ash lowers the required w/cm for a similar workability, and therefore can be used to 

reduce shrinkage while maintaining workability.  
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According to Neville, it is the cement paste permeability that has the greatest impact on 

the durability of the concrete. The RCA mix may also be more sensitive to freeze-thaw 

conditions because the coarse RCAs are more porous than natural aggregates.  This will 

reduce the water-tightness of the concrete, which makes the concrete more susceptible to 

frost damage.  The RCA mix durability may benefit from the additional fly ash.  The fly 

ash increases the density of the paste structure and therefore lowers the permeability.  

The Low Cost mix will also have increased durability because of the higher fly ash 

content.  However, there may not be enough portland cement to provide the necessary 

CaO with which the fly ash needs to react and become a strength component in the paste 

structure. 

3.1.5 Economic and Environmental Considerations 

One study investigating possible economic benefits of HVFA concrete as compared to 

100% portland cement concrete concluded that even with the additional cost of mitigating 

measures such as high early strength concrete, the total cost of the concrete was still 

decreased.  The study found that to mitigate low early strength, type III cement would 

cost seven dollars more per ton.  However, the fly ash cost is almost one-fourth of the 

cost of Type III cement.  So the overall initial cost is still reduced as compared to use 

100% of less expensive cement.   

The long term cost can also be lowered due to the increased durability and decreased 

early cracking.  These attributes will increase the life of the concrete. (Bentz et al. 2010)  

For example, less shrinkage, caused by lower w/cm from fly ash usage, means that joints 

will also not expand as greatly, increasing the load transfer over joints. (Kumar et al. 

2007)  This decreases the degradation of the pavement and therefore increases the 

pavement life. 

As with the reuse of most waste products, replacement of portland cement with fly ash 

reduces carbon dioxide emissions.  (Bentz et al. 2010)  The production of portland 

cement is the largest non-fossil-fuel consumption contributor to carbon dioxide emissions 

in the United States. (U.S. Department of Energy)  The emissions come from two sources 

during production.  To produce cement, calcium carbonate (CaCO2) is heated to create 
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calcium oxide (CaO).  The fuel used to heat the kiln accounts for 40 percent and the 

decomposition of the carbonate for 50 percent of the carbon dioxide emissions. (Velosa 

and Cachim 2009).  In total, cement production accounts for 5 percent of global carbon 

dioxide emissions. (Velosa and Cachim 2009) 

3.2 Limestone 

 

Limestone is one of the primary components of portland cement. In the portland cement 

making process, limestone is heated to create calcium oxide, ground to a powder, and 

mixed with gypsum and other components.  The paste in the concrete will harden when 

the calcium oxide (unhydrated lime) hydrates and reacts with alumina. (Neville 1981) 

The use of raw limestone and limestone that was under processed during cement 

production has recently been investigated as a partial substitute for portland cement to 

decrease the CO2 emissions associated with turning limestone into portland cement and 

to decrease the cost of cementitious material used in concrete.  The standard ASTM 

C150, which specifies the composition of portland cement, allows up to 5 percent 

untreated limestone replacement as of 2004, because no effect on performance has been 

seen up to that point.  However, the Canadian Standard Association is currently 

discussing allowable limestone replacement of 10 to 15 %. (Bentz et al. 2009)  

3.2.1 Production 

Raw limestone powder can be ground prior to addition to cement or interground with the 

clinker.  The latter case will result in smaller limestone particles, because the limestone is 

softer than the clinker.  However, the former will allow more control over the particle 

size.  Coarser limestone reduces the autogenous deformation of concrete, whereas, finer 

limestone may increase overall compressive and tensile strength. (Bentz et al. 2009)  

3.2.2 Plastic Properties 

 Concrete made with portland limestone cements require increased HRWRAs for 

consistent slumps due to the larger specific surface area of the limestone particles.  

Limestone addition reduces bleeding for concretes with low cement content. (Bonavetti et 

al. 2009) 
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3.2.3 Curing 

After 28 days, 35 percent by mass of cement grains are unhydrated in high cement 

content concrete. The addition of limestone increases the activity or hydration rate of the 

cement particles.  However, the replacement means that, in total, fewer cement particles 

are available for hydration. Therefore, compared to concrete with no limestone filler, a 

higher rate of hydration is seen within the first 7 days, which then slows for the period of 

7 to 28 days. (Bonavetti et al. 2009)   

3.2.4 Strength 

Limestone does not have pozzolanic properties, but reacts with the alumina in the cement 

to form strength compounds.  This reaction does not change the concrete strength in any 

significant way.  As mentioned above, the limestone causes a higher rate of hydration of 

the cement particles prior to seven-day maturity.   Bonavetti et al. (2009) found that the 

early strength increased with limestone addition due to the improved hydration rate. 

Nedhi et al. found that 10 to 15 % limestone replacement did not affect the early strength 

of the mortar, but did decrease the late strength. (Bonavetti et al. 2009)  

Bentz at el. (2009) found a reduction of compressive strength is seen with increasing 

limestone replacement.  The tensile and compressive strength is also reduced with 

decreasing fineness of the limestone powder.  However, the strength reduction trend 

decreases with increasing age, while (Bentz at el. 2009).   Bonavetti et al. et al. (2009) 

concluded the opposite.  Both studies have a similar strength reduction at around 28 days 

of 7.1 percent and eight to 12 percent, respectively.  Note that the Bonavetti et al. et al. 

(2009) study used 18.1 percent limestone compared to the 10 percent in the Bentz et al. et 

al. (2009) study.  

3.2.5 Other Hardened Properties 

Durability suffers as a result of limestone addition, specifically, the diffusion rate 

increases at w/cm ratios above 0.4.  Lower w/cm ratios show similar diffusion rates to 

concrete without limestone replacement. (Bentz et al. 2009) This means that chloride 
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ingress and carbonation susceptibility both increase.  Again, the penetration is slowed 

using lower w/cm ratios. (Bentz et al. 2009 Part II, Bentz et al. 2009) 

In concrete, autogenous shrinkage increases as the w/cm ratio decreases, raising the 

potential for early cracking. (Bentz et al. 2009 Part II)  Limestone addition lowers 

autogenous shrinkage, especially for coarser particles.  Addition of limestone particles 

the same size as cement particles reduces autogenous shrinkage, but by a smaller amount 

than the addition of coarser limestone particles. (Bentz et al. 2009 Part II) This is because 

the coarse limestone particles reduce capillary stress. (Bentz et al. 2009)  Limestone 

ground finer than cement particles actually contributed to earlier cracking when cracking 

was caused by only autogenous strains. (Bentz et al. 2009 Part II) 

3.2.5 Economic and Environmental Considerations 

Because the limestone filler is not modified through heating, the production cost is lower 

than treated limestone (portland cement) for the overall concrete product.  The lack of 

heating also allows for lower carbon dioxide and nitrogen oxide emissions. 

3.3 Hydrated Lime 

 

Hydrated lime (CaOH2) is the byproduct formed by hydrating portland cement.  The 

CaOH2 can contribute to the portland cement concrete strength with the addition of fly 

ash.  The secondary reaction is slower because the portland cement must first produce the 

byproduct.  (Berry and Malhotra 1987) According to Hardtl, the low early strength is due 

to initial insufficient hydrated cement products to react with the fly ash.(Barbuiya 2009)  

This indicates that adding hydrated cement products would increase the early strength of 

HVFA concrete.  

The hydrated lime investigated in this report is produced during the softening process of 

municipal drinking water.  This waste product is commonly referred to as lime sludge, 

though we will use the term lime softening residuals (LSR).  Coagulant sludge is also 

investigated in the literature review because a coagulant is added prior to lime softening 

and is therefore present in the LSR.   
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3.3.1 Production 

The softening process uses hydrated lime, CaOH2, to raise the pH of water to 10.5 to 11.5 

and precipitate calcium carbonate (CaCO3) (Eq. 1 - 2) and, at a higher pH, magnesium 

hydroxide (MgOH2).   The MgOH2 may have a negative effect on the concrete because 

its expansive byproducts, but is allowed up to 6 percent. (Iowa DOT 2000, ASTM 595) 

Prior to softening, a coagulant is added to help remove organics and color and to 

coagulate small particulates.   The precipitated solids are then removed and transferred 

for further processing and dewatering. 

CO2 + Ca(OH)2 -> CaCO3 + H20       (1) 

Ca2+ + 2HCO3 + Ca(OH)2 -> 2CaCO3 + 2H20 (Crittenden et al. 2005)  (2) 

The water content of LSR is dependent on the dewatering process.  Both chemical and 

physical thickening methods can be used; however, this study only used LSR from 

sources that used physical mechanisms.  The four methods investigated were gravity 

thickeners, centrifuges, filter press, and lagoons.  All the thickening methods mentioned 

reduce the water volume in order to decrease the transportation costs for their final 

disposal as landfill or agricultural land application. 

Gravity thickeners are large settling tanks that allow solids to accumulate at the bottom 

and the clear water to flow off the top.  The LSR settles well as compared to other types 

of residuals, such as alum, with resulting solid concentrations of more than 30 percent, 

decreasing the amount of thickening necessary. (Crittenden et al. et al. 2005) 

A centrifuge uses centrifugal force to separate solids from the water by spinning LSR.  

The resulting LSR is typically 35 to 50 percent solids. (Crittenden et al. 2005)    

The filter press presses out the water, as the name suggests.  After pressing, the resulting 

LSR is typically 30 to 40 percent solids.  Pressure filtration, a type of filter press, can 

have solid contents of more than 50 percent and a belt filter, another filter press, has a 

solid content of 20 percent. (Crittenden et al. 2005)   

The lagoon system simply uses the weight of the solids to push the water out and 
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evaporation.  The lagoons are lined, so the product cannot leech into the ground.  The 

typical turnover rate is three months to fill and three month to dry.  The resulting LSR is 

30 to 50 percent solids. (Crittenden et al. 2005)  This will vary by land available and LSR 

production rates.  This is the most frequently used method for municipalities due to its 

lack of operational expense.  This method can be used as the primary or secondary 

thickening method.  

The solids cannot be returned to the source water.  Therefore municipalities transport the 

residuals to a landfill.  Twenty percent of cities landfill LSR (Sales and Rodrigues de 

Souza 2009). Alternatively, LSR is applied to agricultural fields.  The LSR solids can be 

beneficial to soil due to its higher pH. (Crittenden et al. 2005) 

3.3.2 Chemical Properties 

The water treatment process uses a coagulant to create larger particles that will settle out 

in the solids.  The solids are called coagulant sludge.  If hydrated lime is added, for 

softening and coagulating purposes, the resulting solids are called lime sludge or lime 

softening residuals. 

The solids produced from the hydrated lime are 40 to 80 percent CaCO3, 8 to 10 percent 

silicates or inert material, and 5 to 8 percent organics. (Crittenden et al. 2005)   

Three types of coagulant are typically used: ferric chloride, ferric sulfate, and alum. 

Ferric and alum coagulant residuals are 4 to 21 percent iron and 15 to 40 percent 

aluminum oxide, respectively.  They also have a silicate and inert content of 35 to 70 

percent and five to 15 % organic content. (Crittenden et al. 2005)  The aluminum and iron 

in the coagulants may be available to form tricalium aluminate (C3A) and tetracalcium 

aluminoferrite (C4AF), respectively, when the portland cement hydrates.  Though the 

C3A component is small is adds significantly to the stiffening or setting of the paste.  The 

reaction is so significant and quick that gypsum is added to slow the reaction. (Neville 

1981).  This indicates that the aluminum based coagulant is more desirable if the 

residuals are to be used as a cementitious substitute. 
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3.3.3 Plastic Properties  

The addition of a powdered coagulant sludge increases the water cement ratio by 0.01 for 

each two percent replacement of portland cement in concrete for a constant workability 

(Sales and Souza 2009).  Hydrated lime also increased water requirement (Barbhuiya 

2009). 

One study mitigated the decreased set time with type III cement and addition of CaOH2.  

The setting time was reduced from eight to ten hours to three to six hours of setting time 

with both modifications. (Bentz et al. 2010) 

3.3.4 Strength 

Barbhuiya at el. (2009) concluded that replacing five percent cementitious materials with 

hydrated lime increases the three-day and 28-day compressive strengths by 25% and 

10%, respectively, for 30% fly ash concretes concrete.  The compressive strength 

increases doubled when fly ash displaced 50% of the portland cement.   

3.3.5 Other Hardened Properties 

Slaked lime and limestone powder decrease the drying shrinkage compared to a 50 

percent GBFS and a 100 percent ordinary portland cement concrete (Mun et al.2007).  

The pore volume, as measured by mercury intrusion, decreases with hydrated lime 

addition for a 30 percent fly ash concrete. This advantage disappeared when the fly ash 

increased to 50 percent.  The addition also decreased sorptivity in both 30 percent and 50 

percent fly ash concretes. (Batrbhuiya 2009)  

3.4 Summary 

 

Low cement content can be achieved through increased supplementary cementitious or 

pozzolanic materials.  The most common supplementary material is fly ash.  Studies have 

shown that up to 70 % fly ash replacement of cement can be used in concrete with when 

mitigation techniques are implemented.  The HVFA concrete is generally lower in cost 

and allows for less water (lower w/cm) for similar workability.  
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Limestone in various forms can also replace portions of the portland cement up to 5 % 

with minimal effects.  Limestone powder, partially fired limestone (limestone processing 

waste) and hydrated lime have all been tested but not used for large scale production or 

common practice.  Limestone addition lowers workability but does not have a significant 

effect on overall strength.  However, limestone has been seen to increase the initial rate 

of hydration and therefore increase early strength.  This is particularly significant in fly 

ash concretes because of the lower early strength due to decreased hydration rates. 
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CHAPTER 4. LABORATORY INVESTIGATION OF COARSE RECYCLED 

CONCRETE AGGREGATES  

 

The concrete pavement for the SHRP2 R21 project could not be demolished until two 

weeks prior to construction of the new concrete sections.  In order to determine what 

RCA to use for mix development in the SHRP2 R21 pavement project, RCAs from other 

sources were classified by absorption, specific gravity and gradation.  As discussed in the 

literature review, both the natural aggregate and the attached mortar on the RCA 

determine those properties.  Only the coarse RCA, sizes at or above #4, were used for the 

project because of the workability and strength issues introduced by fine RCA as 

discussed in the literature review.  To determine the most influential factors, three RCA 

types were investigated prior to their incorporation into concrete mixes and compared to 

natural aggregate mixes.  After the concrete pavement was demolished for construction, 

the RCA used in the construction was also tested for the same properties.  

 

4.1 Materials 

 

4.1.1 Coarse Recycled Concrete Aggregate 

4.1.1.1 Limestone Industrial Crushed RCA 

The Limestone Industrial Crushed (LI) RCA is sourced from a demolished pavement 

with limestone as the primary coarse aggregate and unknown cement content but was 

crushed with the same industrial process as would be used to crush the pavement into 

RCA for the SHPR2 R21 project using a larger jaw and secondary cone crusher.  A 

sample of the Limestone Industrial RCA is shown in Figure 5.  The sample was wetted 

for the picture in order to show the contrasting colors of the natural aggregate and the 

residual mortar.  Some of the RCA particles resembled the natural limestone aggregate 

particles while other RCA particles had the appearance of natural limestone aggregate 

covered with residual mortar.  In addition, some of the RCA particles appeared to be 

comprised primarily of mortar embedded with fractured pieces of limestone.  
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4.1.1.2 Gravel Laboratory Crushed RCA 

Figure 6. Laboratory crushed gravel recycled concrete aggregate 

Figure 5 Industrial crushed limestone recycled concrete aggregate 
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4.1.1.2 Gravel Laboratory Crushed RCA 

The Gravel Laboratory Crushed (GL) RCA is sourced from the Interstate 94 

demonstration pavement with gravel as the primary aggregate and a known original mix 

design and target strength.  The mix design of the original pavement is given in Table 1.  

A sample of the GL RCA is shown in Figure 6. The sample was wetted for the picture in 

order to show the contrasting colors of the natural aggregate and the residual mortar.  The 

RCA does not resemble the original gravel coarse aggregate.  Instead, the RCA appears 

as mortar embedded with fractured natural gravel aggregate.  Visually, it appears as 

though this RCA retained much of its mortar as compared to the other RCAs.  

 

Table 1. Interstate 94 concrete mix design of demolished section 

Water Cement Fly Ash Fine Agg Coarse Agg 

lb/ yd
3 

lb/ yd
3 

lb/ yd
3 

lb/ yd
3 

lb/ yd
3 

244 451 79 1200 1938 
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4.1.1.3 Gravel Industrial Crushed RCA 

The Gravel Industrial Crushed (GI) RCA is from the Interstate 94 pavement with the 

same properties as the demonstration pavement section.  A sample of the GI RCA is 

shown in Figure 7. The sample was wetted for the picture in order to show the contrasting 

colors of the natural aggregate and the residual mortar.  Most of the RCA particles 

consisted of the original aggregate with or without some residual mortar attached.  In 

general, there were few particles that consisted primarily of mortar with embedded 

fractured aggregate as described for the other two samples.  

4.2 Methods 

 

4.2.1 Material Testing 

The oven dry unit weight, absorption capacity, and bulk saturated surface dry (SSD) 

specific gravity of the RCAs and natural aggregate are recorded in Table 1.  The values 

shown are an average of four trials.  The samples were divided using ASTM C 702.  

ASTM C 29 was used to determine the unit weight. The gradation was determined using 

Figure 7. Industrial crushed gravel RCA 
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ASTM C 136 with oven dry samples.  The absorption capacity and bulk saturated surface 

dry specific gravity were determined in accordance with ASTM C 127.  

 

A graded absorption and specific gravity test was also completed.  The procedure 

followed the relevant ASTM standards given above.  To perform a graded size analysis, 

the aggregates were divided according to standard size categories used by MnDOT: 1 - 1 

1/2, 1/2 - 3/4, and #4 - 3/8 inches.  There was not enough volume of the largest size 

category (1 - 1 1/2 inches) to for a valid test.  

 

4.3 Results and Analysis 

 

4.3.1 Absorption 

The absorption capacity of the RCA depends on the natural aggregate and attached 

mortar content.  Additional attached mortar will increase the porosity and therefore the 

absorption capacity.  However, the pore structure of the mortar is different than that of 

the natural aggregate.   

Limestone is a more porous natural aggregate than gravel. (Neville 1981)  Though the 

limestone RCA contains less attached mortar because it was processed by the industrial 

crushing system, the overall absorption capacity is the highest of the three RCAs due to 

the natural aggregate properties. (Table 2) 

The two gravel sources have lower absorption capacities as expected due to the less 

porous and permeable natural aggregate.  The laboratory crushed aggregate has a higher 

absorption capacity because the natural aggregate was cracked, allowing more exposed 

pores, and did not remove as much mortar as the industrial crushing process did. 
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Table 2. Oven dry unit weight, absorption capacity, and bulk saturated surface dry specific gravity 

Aggregate Type Oven Dry Unit 

Weight lb/ft (kg/m3) 

Absorption Capacity Bulk Specific Gravity 

Limestone Industrial 2492 (1500) 4.03% 2.38 

Gravel Laboratory 2257 (1359) 3.18% 2.54 

Gravel Industrial 2419 (1456) 3.02% 2.55 

*Natural Crushed 

Limestone 

__ 0.80% 2.69 

*Natural Gravel __ 0.93% 2.59 

 * Values from Neville 1981. 

 

 

Table 3. Graded absorption capacity, bulk specific gravity, and apparent specific gravity 

Recycled 

Coarse Aggregate 

Sieve Size Average 

Absorption 

Capacity 

Avg. SSD BSG Apparent Specific 

Gravity 

Limestone 

Industrial 

1 1/2" - 1" N/A N/A N/A 

3/4" - 1/2" 3.93% 2.39 2.64 

3/8" - # 4 3.75% 2.42 2.66 

Gravel 

Laboratory 

1 1/2" - 1" N/A N/A N/A 

3/4" - 1/2" 4.2% 2.45 2.74 

3/8" - # 4 5.95% 2.30 2.66 

Gravel 

Industrial 

1 1/2" - 1" N/A N/A N/A 

3/4" - 1/2" 2.11% 2.54 2.69 

3/8" - # 4 3.35% 2.43 2.65 

Natural 1 1/2" - 1" N/A N/A N/A 
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Recycled 

Coarse Aggregate 

Sieve Size Average 

Absorption 

Capacity 

Avg. SSD BSG Apparent Specific 

Gravity 

Gravel 3/4" - 1/2" 1.05% 2.73 2.81 

3/8" - # 4 1.67% 2.66 2.78 

 

 

The mortar content has been shown to increase as the particle size decreases in previous 

studies.  Since the absorption capacity increases with mortar content, the absorption 

capacity should increase with decreasing particle size. 

 

This trend is seen in the two gravel recycled aggregates. However, it is not observed in 

the limestone recycled aggregate. Furthermore, the trend is observed in the natural 

aggregate, which contains no attached mortar.  It should be noted that the difference in 

absorption between all size categories is much greater in the recycled gravel aggregates.  

The recycled limestone aggregate varies by less than 0.2 percent between the size 

categories.  The larger particles may have more pores available due to the porous nature 

of the natural aggregate.  The small difference may also indicate that no significant 

difference occurs between particle sizes when the natural aggregate is more porous.  The 

natural aggregate also only has a small difference, 0.6 percent.  This is likely due to the 

increased surface area.    

 

4.3.2 Unit Weight and Bulk Specific Gravity 

It was observed that the oven dry unit weight and SSD bulk specific gravity varied 

according to visually observed mortar content and natural aggregate (Table 3).  The unit 

weight was lowest for the laboratory crushed RCA because of the irregularity in the 

aggregate shape.  This means the RCA will leave larger spaces between the RCA 

particles.  The bulk specific gravity was lowest for the limestone industrial RCA.  This is 

because the limestone natural aggregate has a lower specific gravity than gravel. (Neville 

1981)  The closeness of the laboratory crushed and industrial crushed gravel specific 

gravity was not expected.  By visual inspection, the GL RCA has significantly more 
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attached mortar than the GI RCA.  Higher attached mortar content results in a lower 

specific gravity because the mortar has a lower specific gravity than the natural 

aggregate.  However, the GL RCA has more particles in the 1/2 inch and higher particle 

size.  The larger particles had higher specific gravity values, so the overall specific 

gravity would increase.  

 

The graded bulk specific gravity follows the same pattern as the absorption capacity 

results.  Again, the largest differences between the size categories were seen in the 

recycled gravel aggregates. The higher bulk specific gravity results seem to indicate that 

the smaller particles have more attached concrete as suggested in literature.  The recycled 

limestone aggregate varies by the smallest amount and does not follow the same trend.  

This may indicate that there was no significant difference in attached mortar content 

between the particle sizes in the limestone RCA.   The natural gravel again follows the 

pattern of the recycled gravel aggregates.  This may indicate that the virgin aggregate was 

more influential than the attached mortar content. 

 

 

 

4.3.3 Gradation 

Figure 8 shows the gradations of the limestone and gravel RCAs after particles smaller 

than #4 were removed.   The laboratory crushed gravel grading is skewed toward the 

larger sizes.  Its gradation, therefore, falls beneath, or outside the minimum, of the limits 

set.  The industrial crushed gravel has a large percentage of 3/4” particles but no 

significant amount of 1” particles.   The limestone is well-graded. (Figure 8)  
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Figure 8. Recycled concrete aggregate gradation, percent passing 

4.4 Summary and Conclusions 

 

The recycled aggregates vary by size, shape, surface texture, and mortar content.  These 

properties contribute to the unit weight, absorption capacity, specific gravity, and 

gradation.  These properties will also influence the plastic and hardened property of the 

resulting concrete. 

The absorption capacity was highest for the limestone RCA due to the natural aggregate’s 

high porosity.  Between the two gravel RCAs, the laboratory crushed RCA had a higher 

absorption capacity.  This may be due to the apparent increased mortar content.  It may 

also be because the aggregate was crushed.  This would make more pores permeable. 

The unit weight matched most closely between the industrial crushed RCAs rather than 

the laboratory crushed RCA.  The gradation likely has the greatest effect of the unit 

weight.  This is described further below. 
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In regards to the specific gravity results, the RCAs followed the same decreasing 

behavior with decreasing particle size as the natural aggregates.  Additionally, all RCA 

specific gravity results were lower than the natural aggregate due to the attached mortar.  

The additional apparent attached mortar on the laboratory crushed RCA lowered the 

specific gravity negligibly.  This may indicate that the difference in attached mortar 

content is not as great as visual observations indicate. 

 

Both industrial crushed RCAs fall within gradation limits more closely overall as 

compared to the laboratory crushed RCA.  The GL RCA lacks in the smaller aggregate 

particles.  The larger, more irregular particle shapes lowered the unit weight of the GL 

RCA because the particles cannot fit together as well.  This would mean more voids for 

paste to fill in the concrete production. 

Overall, it is unclear if the LI RCA or the GL RCA matches the GI RCA, used in the R21 

SHRP2 concrete pavement, more closely.  Therefore, concrete batches containing each 

RCA type are needed to determine how the RCA interacts within concrete.   
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CHAPTER 5. FIELD INVESTIGATION OF COARSE RECYCLED CONCRETE 

AGGREGATE CONCRETE 

 

The goal of the R21 SHRP2 project was to use cost lowering measures to make 

composite pavements a viable option.  Therefore, high fly ash content was used in the 

recycled concrete section and low cost mix.  To determine logistical and construction 

costs of a composite pavement, three 500-foot pavement sections were constructed.  

Before the construction of the R21 SHRP2 pavement was begun, test batches were made 

to determine workability, proper mix design and accommodations needed for the 

different aggregates and fly ash contents in the concretes.   The low cost pavement 

section concrete plastic and hardened properties are reported in this chapter as well as the 

effects of the low cost components on the concrete production, delivery and placement.  

The high strength concrete placed in the upper lift is referred to as Exposed Aggregate 

Concrete (EAC) due to the exposed aggregate finish.  The EAC mix will not be discussed 

in depth because this report focuses on the low cost concretes in the lower lifts of the 

composite pavement sections. 

 

5.1 Materials 

 

5.1.1 Cement 

The portland cement was obtained from St. Genevieve in Bloomsdale, Missouri. It is 

classified as Type I/II cement with a specific gravity 3.15. 

5.1.2 Fly ash 

The fly ash was obtained from Coal Creek Station in Underwood, North Dakota. It is 

classified as Class C/F with a specific gravity of 2.5. 

5.1.3 Fine Aggregate 

The fine aggregate used is concrete sand for the RCA and Low Cost concrete mixes.  The 

absorption capacity was determined using ASTM C 128.  The SSD specific gravity was 

found using ASTM C 127. The natural sand absorption capacity, SSD bulk specific 
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gravity, and fineness modulus are 0.90 percent, 2.53 and 2.76, respectively.  The mason 

sand absorption capacity and SSD bulk specific gravity are 0.5 percent and 2.65, 

respectively. 

5.1.4 Coarse Natural Aggregate 

Samples for coarse natural aggregate testing and classifying were taken using ASTM C 

702.  The gradation was determined using ASTM C 136 with oven dry samples divided 

using ASTM 702.  The SSD bulk specific gravity and absorption capacity were 

determined using ASTM C 127. 

The Low Cost aggregates and RCA aggregates lacked sizes one inch and greater.  The 

natural coarse aggregate was used to correct the Low Cost and RCA gradations.  The 

complete gradation of the natural coarse and fine aggregates and coarse RCA is given in 

Figure 12.  The dashed lines in the figure are the specification for the R21 project 

gradation. 

The natural coarse aggregate had 1 ½ inch maximum size gravel.  The absorption 

capacity and SSD bulk specific gravity were 0.90 percent and 2.75, respectively.   

The Low Cost concrete mix used all virgin river gravel for sizes up to one inch, though 

most sizes in the mix were below 3/4 inch.  The absorption capacity and SSD bulk 

specific gravity were 1.30 percent and 2.65, respectively. 

The exposed aggregate concrete mix used 3/8 inch and 1/2 inch gravel.  The gap-graded 

gradation is due to the desire for exposed aggregates for noise control.  This mix was not 

adjusted will the larger gravel.  The absorption capacity and SSD bulk specific gravity 

are 0.40% and 2.69, respectively. 

5.1.5 Coarse Recycled Concrete Aggregate 

The gravel industrial crushed (GI) RCA is the only RCA used in the RCA concrete.  The 

original concrete is from three sections on Interstate 94 in Minnesota near Monticello.  

The pavement sections are part of the MnRoads pavement testing facility described in the 

background portion of this report.  The pavement section was crushed using an industrial 
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jaw crusher and a secondary cone crusher.  The RCA was then sieved to remove sizes 

passing the #4 sieve.  The RCA was then stockpiled outdoors.  The RCA was wetted due 

to rain the evening prior to concrete production.  No other preparations were made. 

5.1.6 Admixtures 

The air entrainer used was Multi-Air 25.  The high range water reducing agent 

(HRWRA), Sika 686, was used as needed to allow consistent workability.  Sika Set NC 

was used as an accelerator.  A curing retarder was sprayed on the surface for the exposed 

aggregate concrete to allow the top few millimeters of paste to be brushed off.  This was 

not used on the cylinder samples but was used on the cored samples. 

5.2 Methods 

 

5.2.1 Mix Design 

Mix designs were tested and determined by the concrete supplier in partnership with the 

R21 research team.  

Table 4. R21 low cost, exposed aggregate and recycled concrete aggregate mix designs 

 Water Cement Fly Ash CA #1 CA #2 FA HRWRA Air 

 lb/yd
3 

lb/yd
3 

lb/yd
3 

lb/yd
3 

lb/yd
3 

lb/yd
3 

oz./yd
3 

oz./yd
3 

R21 Low Cost 173 240 360 787 1102 1263 216 60 

R21 Exposed 

Aggregate 
283 616 109 843 1133 843 144 52 

R21 Recycled 

Concrete 
234 360 240 825 920 1200 144 112 

   

The cost lower measures used in the SHRP2, R21 project include: 

1.  Using less cement 

2.  Substituting fly ash for cement 
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3.  If nearby aggregate sources are available but of poor quality, being able to use those 

aggregates will save on trucking costs. 

To lower the concrete cost of the SHRP 2, R21 lower layer concrete, two methods were 

used.   First, fly ash replaced a portion of the portland cement to lower the paste cost.  Fly 

ash replaced 40 percent and 60 percent in the RCA and Low Cost concrete mixes, 

respectively.  Second, a lower cost aggregate was used.  There was not a source of poor 

aggregate available to the SHRP 2, R21 concrete pavement contractor for the Low Cost 

mix.  The RCA concrete mix used coarse recycled concrete aggregates (RCAs) were 

substituted for virgin coarse aggregate in the RCA concrete mix.  The resulting concrete 

were expected to gain sufficient 28-day compressive strength (4,000 psi) and adequate 

durability to resist temperature stresses.  These qualities were needed in the lower lift as 

well due to penetration through the joints and potential water under the pavement.  Figure 

9 shows the pavement turned upside down to reveal the damage on the bottom of the 

pavement. This pavement showed no signed of damage from the top. 

 

 

Figure 9. Underside of Interstate 94 pavement section 
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5.2.2 Concrete Production 

During construction of the SHRP 2, R21 composite pavement project, the RCA and low-

cost concretes were supplied by a ready-mix concrete plant that was approximately 15 

miles from the construction site.  Two types of concrete were produced concurrently at 

the concrete mix plant because the upper layer was placed on the lower lift prior to 

hardening.(Figure 10) Only one cell per day was constructed.  

 

Figure 10. SHRP2, R21 pavement placement 

5.2.3 Sampling 

Plastic concrete samples taken directly from the concrete trucks that were delivering 

concrete to the construction site.  Upon collecting the sample, the slump, entrained air 

content, and temperature of the plastic concrete was recorded.  Next, the concrete was 

consolidated into multiple eight inch by four inch and six by twelve cylinder molds that 

would be used for compression, split tensile, coefficient of thermal expansion, and 
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modulus of elasticity tests and beams that would be used to measure the concretes’ 

flexural strength, and 6 in. by 6 in. by 6 in. cubes that would be used for freeze-thaw 

durability testing.  These samples were collected, formed, and tested by the Federal 

Highway Administration (FHWA) and the Minnesota Department of Transportation 

(MnDOT).  This procedure was repeated once for each pavement cell for quality 

assurance.  

5.2.3 Testing 

Workability tests were conducted according to ASTM C 143 using the slump test.  The 

air content was tested according to ASTM C 213 using the pressurized method test.  If 

concrete failed to meet criteria it was rejected.  The compression strength tests were 

conducted according to ASTM C 39.  The flexural and tensile strength tests were 

conducted according to ASTM C 78.    

Freeze-thaw durability tests were done according to the RILEM 176 standard.  The 

freeze-thaw liquid did not contain sodium chloride.  The freeze-thaw testing began 28 

days after the concrete was poured.  Day zero indicates day 28 in Figure 11.  The 

specimens were saturated and sealed prior to beginning testing.  The specimens cycled 

the full 300 cycles with testing every six cycles initially and twelve cycles through the 

remainder of the test.  Each cycle is twelve hours with a periodic temperature swing 

between -24 C (-11 F) and 24 C (75 F).  Due to a capacity limit of ten specimens in the 

apparatus, only the RCA and EAC mixes from the field were tested.  The RILEM 

standard requires at least five specimens, so only two types of concrete could be tested at 

a time. 

 

5.3 Results and Analysis 

 

5.3.1 Concrete Production and Placement 

The low cost mix provision created problems with the concrete plastic properties 

because the ready-mix supplier did not have experience with these provisions, 

particularly the RCA.  The RCA and fly ash influenced the water demand because of the 
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high RCA absorption capacity, causing inconsistent moisture content, and a lower water 

demand, respectively.  When the slump or the air entrainment was inadequate or 

excessive, the ready-mix supplier adjusted the admixtures and/or the mix water volume. 

(Table 8 - 9)  The wait time in Table 8 - 9 was used to observe changes in the slump as it 

relates to time after concrete production.  Table 10 shows the plastic properties 

measured from the sampled concrete at the construction site for all concrete types in 

each cell.   

 

5.3.1.1 Recycled Coarse Aggregate Concrete 

Table 5. R21 Recycled Concrete Aggregate concrete properties and truck wait time 

Cell Wait Time 

w/cm 

(leaving 

plant) 

Air Entrainer HRWRA Air Content Slump 

 Minutes  oz./yd
3 

oz./yd
3 

% Inches 

70 7 0.31 112 144 7 0.75 

70 11 0.31 112 144 10.8 1.5 

70 9 0.32 100 144 10.6 -- 

70 14 0.32 100 144 Rejected -- 

70 3 0.32 48 147 8.4 3.25 

70 5 0.31 40 147 6.8 1.5 

71 14 0.29 48 147 6.6 1.25 

71 25 0.36 48 147 Rejected Rejected 

71 13 0.29 48 147 -- -- 

71 8 0.29 49 147 -- -- 

 

The high RCA absorption capacity created issues with delivery and placement.  

According to literature, the RCA concrete decreases slump significantly within the first 

fifteen minutes.  This made it difficult for the ready-mix supplier to correctly produce a 

mix that would have the targeted slump of one inch upon placement.  The RCA also 

increases the apparent air content of the concrete because of the additional porosity due 
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to the attached mortar.  The volumetric method may have given a more accurate metric.  

The working mix design was adjusted until the concrete plastic properties were 

consistent and acceptable.  This allowed the second day of placement, cell 71, to have 

consistent and acceptable plastic properties almost immediately, though excessive wait 

time continued to cause some issues. 

 

Problems with workability seem to stem primary from the lack of experience with RCA.  

The high absorption capacity of RCA can be mitigated by more frequent moisture 

content testing and familiarity with the RCA response to water correction and 

accelerated loss of workability.    This demonstrates that experience with RCA is key to 

its successful use.   Guidelines and implementation of RCA from smaller projects, such 

as the SHRP2, R21 project, may encourage confidence with the regular use of RCA in 

pavement construction.  The result would be an increase in willingness of concrete 

suppliers to consider RCA as a viable alternative to natural aggregates and an increase in 

successful production and placement of RCA concrete, both of which would increase 

the willingness of the concrete industry to use RCA concrete in the future.   

 

It can also be noted that the short-term workability is loosely linked to the wait time of 

the concrete prior to placement.  Generally, longer wait times lead to a lower slump 

value.  The slump values, however, are also dependent on the amount of mix water and 

the moisture content.  Since the RCA was stockpiled, there may have been a large range 

of moisture contents.  This range would have a great effect due to the RCA’s high 

absorption capacity.  To mitigate this problem, frequent moisture content testing must be 

done throughout production.  

 

5.3.1.2 Low Cost Concrete 

The targeted workability of the low cost mix (1 inch) was difficult to achieve within the 

initial batches.  This is due to the ready-mix concrete suppliers inexperience making 

concrete with the high fly ash substitution of cement (60%).  The low slump value was 

also difficult to achieve in the lab due to the low water demand caused by the high fly ash 

volume.  However, after a few lab trials, the mix water portions were more easily 
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determines for a specific slump range.  This paper concludes that high volume fly ash 

mixes do not necessarily cause workability issues if proper preparation and test batches 

are used.  The increased workability allows less water to be used in the Low Cost mix.  

The lower w/cm also means great strength for the concrete, which is a major concern 

with HVFA mixes. 

Table 6. R21 low cost concrete properties and truck wait time 

Wait Time 
w/cm (leaving 

plant) 
Air Entrainer HRWRA Air Content Slump 

Minutes  oz./yd
3 

oz./yd
3 

% Inches 

48 0.28 60 216 -- Rejected 

7 0.26 60 216 7.2 2.75 

37 0.29 60 219 -- Rejected 

10 0.26 68 144 -- -- 

8 0.27 84 147 6.4 2.5 

 

Note that wait time did not significantly influence the short-term workability of the Low 

Cost mixes.  The aggregates used are all natural aggregates with average absorption 

capacities.  Therefore, the mix water was not absorbed by the aggregates.  The spherical 

shape of the fly ash and the slower hydration rate also kept the workability fairly 

consistent for longer periods of time.   

5.3.1.3 Exposed Aggregate Concrete 

Table 7. R21 exposed aggregate concrete properties and truck wait time 

Cell Wait Time 
w/cm (leaving 

plant) 
Air Entrainer HRWRA Air Content Slump 

 Minutes  oz./yd
3 

oz./yd
3 

% Inches 

71 29 0.36 48 147 5.0 2.25 

71 11 0.36 48 150 6.2 2.25 

71 8 0.36 -- -- 7.1 -- 
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Cell Wait Time 
w/cm (leaving 

plant) 
Air Entrainer HRWRA Air Content Slump 

72 1 0.38 60 147 5.7 3.25 

72 7 0.35 60 237 9.0 2 

72 10 0.34 60 234 7.5 2.5 

 

The EAC mix did not have any mixes that were rejected due to excessive water content 

or high air content.  This is likely due to lower fly ash content and all natural aggregate.  

However, the air content was adjusted due to higher values.  This mix also has a gap-

graded coarse aggregate gradation.  This required more paste and therefore may have 

allowed additional air content due to the higher paste volume.  The EAC mix required 

more HRWRA due to the high cement content to keep a desired slump with a low w/cm 

ratio.  This increases the cost of the overall mix, but allows for a stronger mix with good 

workability properties.  

 

There does not appear to be a correlation between wait time and short-term workability.  

This is most clear in the cell 71 batches with equivalent slump values but wait times of 

29 and 11 minutes.  

 

5.3.2 Sampled Concrete Additional Testing 

 

5.3.2.1 Plastic properties  

During construction, samples were taken from the concrete being delivery to the site for 

further testing beyond the concrete plastic property acceptance test.  The temperature, 

air content, slump (workability), and unit weight were all measured. (Table 8) The 

concrete was tested once for each cell layer of concrete.  
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Table 8. R21 Recycled Concrete Aggregate, exposed aggregate , and low cost concrete plastic 

properties sampled by FHWA 

Mixture Cell Temperature Air Content Slump Unit Weight 

  Degree F % Inches lbs/ ft
3 

RCA 70 60 6.5 0.5 146.4 

RCA 71 51 6.5 1.75 145.28 

EAC 71 55 4.5 2.25 145.12 

EAC 72 58 6.5 3 142.8 

Low Cost 72 52 6.5 2.75 148.4 

 

 

The sampled concrete was taken in approximately the middle of the placement process.  

This allowed the suppliers to adjust admixture dosing and water content in the concrete 

mix prior to sampling.  Therefore, the air content was fairly constant between all mixes.   

It can be seen in Table 8 that the RCA mix did not have consistent slump (workability) 

from day to day.  These cells were placed on different days the RCA would differ in 

moisture content.   Because the high absorption capacity amplifies moisture differences, 

this causes difficulties to determine the correct mix water amount for the target 

workability.  Longer wait times will also contribute to a drier mix again due to the high 

absorption capacity of the RCA. 

5.3.2.2 Hardened Concrete Properties 

The sampled concrete was used to conduct further testing on the field placed concrete 

such as strength, elastic modulus and freeze-thaw testing by the Federal Highway 

Administration and at the University of Minnesota material laboratory.  
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Table 9. R21 recycled concrete aggregate, exposed aggregate, and low cost concrete hardened 

properties sampled by FHWA 

 RCA RCA EAC Low Cost 

Cell 70 71 71 72 

Compressive Strength, psi 

7 Day 3012 3599 5314 3618 

14 Day 4168 3890 5628 4071 

28 Day 4945 4305 5855 5062 

Flexural Strength, psi 

7 Day 579 527 606 468 

14 Day 629 578 798 515 

28 Day 689 665 891 548 

Split Tensile Data, psi 

28 Days 368 337 392 343 

 

Note: Tests are an average of two specimen test results. 

Despite variability of the workability, the RCA mixes had fairly consistent compressive 

strength, flexure strength, and split tensile strength.  The RCA concrete met the targeted 

compressive strength of 4000 at 28 days.  (Table 9) 

As expected, the EAC mixes had the highest compressive, flexural, and tensile strengths.  

This is most reasonably attributed to the higher cement content.  This mix clearly 

provides high quality for the upper lift.  This will allow the upper lift to perform well 

with the increased demands of abrasion and deicing agents on the top layer. 

The Low Cost mix had a similar compressive strength than the RCA mixes.  This may 

indicate that the increase in fly ash replacement does not significantly decrease the 

strength or that the strength loss can be mitigated.  The Low Cost mix in the laboratory 
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could not achieve these strengths due to the same unfamiliarity with HVFA concrete.  

The Low Cost concrete had a lower flexural strength result than the RCA concrete.  This 

agrees with literature that the higher fly ash replacement volume lowers the flexural 

strength because the flexural strength is more dependent on the mortar. (Sidique 2003, 

Kaplan 1959)  More testing with a second cell of the Low Cost mix would have allowed 

more certainty in these conclusions. 

5.3.3 Durability 

 

 The results are shown as an average of the five specimens tested.  Figure 10 shows the 

internal damage of the specimens based on the transit time, or time for an ultrasound 

wave to pass through the specimen.  The RCA concrete and the high strength concrete 

(EAC), placed above the RCA in the composite pavement, were tested for durability 

using this freeze-thaw cycling.  The EAC concrete is high strength due to a high cement 

content of 616 lb/cyd compared to 360 lb/cyd cement in the RCA concrete mix.  

 

 The specimens completed all 300 cycles and never reached the 80 percent degradation 

limit of the test.  This means that the RCA concrete mix had adequate durability for use 

in the field.  The RCA and high fly ash content had a minimal effect, four percent 

additional final damage, on the freeze-thaw resistance of the RCA concrete as compared 

to the high strength concrete.  This is not surprising because the durability effects of RCA 

are mixed. The addition to fly ash decreases permeability which kept water from entering 

the pore system of the concrete.  The additional durability is needed for lower low-cost 

concrete layer because of ground water and water penetrating through the joint cracks. 

 



 54 

 

Figure 11. R21 recycled concrete aggregate and exposed aggregate concrete sample durability transit 

time 

 

5.4 Summary and Conclusions 

 

The field testing demonstrated plastic property problems with RCA and HVFA concretes.  

All of these issues could have been or were mitigated through more experience with the 

materials. The workability of the RCA mix had the greatest range of the three concrete 

mixes.  This is due to the high absorption capacity and uneven moisture content allowed 

by stockpiled condition of the aggregates.  Because of the high absorption capacity, the 

mix was able to lose moisture more quickly to the aggregates.  This generally resulted in 

a noticeable loss in slump with longer wait times prior to placement.  To mitigate, the 

aggregate’s moisture content should be tested more frequently.  Further testing in the 

laboratory is used in the next section to determine if aggregate moisture preparation 

methods could have also lessened the moisture content variation to allow for more 

consistent workability.  The workability of the HVFA mix required adjustment due to the 
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much lower water required and HRWRA requirement.  The lower w/cm and HRWRA 

dose both allow the hardened concrete to have higher strengths.  This mitigates some of 

the strength gain concerns that usually occur with concrete containing high pozzolan 

content. 

 

The RCA and Low Cost mixes both exceeded targets strength values of 4,000 psi at 28 

days. The RCA mixes were varied in strength.  This can be attributed to the differing 

RCA moisture condition and the resulting adjustments made to the mix.  The Low Cost 

Mix had a similar strength to the RCA mix despite an increased fly ash replacement.  All 

mixes had adequate early and overall strength for the pavement application. 

 

The higher fly ash replacement volume and recycled aggregates lowered the freeze-thaw 

resistance of the RCA concrete by an additional four percent over the high cement 

content concrete.  This implies the low cost provisions have a minimal effect on the 

durability performance of the concrete.   
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CHAPTER 6. LABORATORY INVESTIGATION OF COARSE RECYCLED 

CONCRETE AGGREGATE CONCRETE 

 

Laboratory testing was also done after construction to explain workability variations and 

create recommendations for mitigation.  The concrete mixes are referred to as RCA and 

Low Cost concrete, respectively.  Low Cost A mix was used in the R21 SHRP2 

pavement and contains the highest fly ash replacement volume of all the mixes of 60%.  

Low Cost B has the same fly ash replacement volume as the RCA mix, 40%, and was 

therefore used as a control for RCA, but was not used in R21 SHRP2 construction. 

6.1 Materials 

 

6.1.1 Cement 

The portland cement was obtained from St. Genevieve in Bloomsdale, Missouri. It is 

classified as Type I/II cement with a specific gravity 3.15. 

6.1.2 Fly ash 

The fly ash was obtained from Coal Creek Station in Underwood, North Dakota. It is 

classified as Class C/F with a specific gravity of 2.5. 

6.1.3 Fine Aggregate 

The fine aggregate used is concrete sand for the RCA and Low Cost concrete mixes.  The 

absorption capacity was determined using ASTM C 128.  The SSD specific gravity was 

found using ASTM C 127. The natural sand absorption capacity, SSD bulk specific 

gravity, and fineness modulus are 0.90 percent, 2.53 and 2.76, respectively.  The mason 

sand absorption capacity and SSD bulk specific gravity are 0.5 percent, 2.65, 

respectively. 

6.1.4 Coarse Natural Aggregate 

Samples for coarse natural aggregate testing and classifying were taken using ASTM C 

702.  The gradation was determined using ASTM C 136 with oven dry samples divided 
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using ASTM 702.  The SSD bulk specific gravity and absorption capacity were 

determined using ASTM C 127. 

The Low Cost aggregates and RCA aggregates lacked sizes one inch and greater.  The 

natural coarse aggregate was used to correct the Low Cost and RCA gradations.  The 

complete gradation of the natural coarse and fine aggregates and coarse RCA is given in 

Figure 12.  The dashed lines in the figure are the specification for the R21 project 

gradation.  

The natural coarse aggregate had 1 ½ inch maximum size gravel.  The absorption 

capacity and SSD bulk specific gravity were 0.90 percent and 2.75, respectively.   

The Low Cost concrete mix used all virgin river gravel for sizes up to one inch, though 

most sizes in the mix were below 3/4 inch.  The absorption capacity and SSD bulk 

specific gravity were 1.30 percent and 2.65, respectively. 

The three types of coarse recycled concrete aggregates are described in the previous 

section on recycled concrete aggregate testing. 

6.1.6 Admixtures 

The air entrainer used was Multi-Air 25.  The high range water reducing agent 

(HRWRA), Sika 686, was used as needed to allow consistent workability. 

6.2 Methods 

 

6.2.1 Mix Design 

The mix designs of the concretes (Table 10) for the R21 SHRP2 pavements were 

developed in partnership with the suppliers of the concrete.  Additionally, Low Cost B 

mix was designed for laboratory testing only as a control for the RCA concrete.  The final 

mix designs were adjusted according to the absorption capacity and moisture content of 

all aggregates to maintain a consistent free water content and workability. 
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Figure 12. Complete gradation for concrete production of natural fine aggregate, coarse RCAs, and 

coarse natural aggregates as compared to construction specifications for the R21 construction  

Table 10. Concrete mix designs for laboratory investigation 

 Water Cement Fly Ash 1 ½ CA ¾ CA or 

RCA CA 

Fine 

Aggregate 

HRWRA Air 

Entrainer 

R21 Low Cost 

A 
156 240 360 787 1102 1263 0 mL/ft

3 
10 mL/ft

3 

R21 Low Cost 

B 
216 360 240 825 923 1222 0 mL/ft

3 
10 mL/ft

3 

R21 RCA 234* 360 240 825 920 1200 2 mL/ft
3 

10 mL/ft
3 

 

* The actual water content was adjusted based on the moisture content and absorption capacity of each type 

of RCA. 

 

6.2.2 Aggregate Moisture Condition 
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Three moisture conditions were used to prepare the RCA prior to its addition to the 

concrete mix.  This was used to determine the effect of the RCA’s moisture condition on 

the short and long term workability of the plastic concrete.  This investigation was done 

in response to the variability of workability in the field during the placement of the 

concrete road sections with the goal of providing recommendations to mitigate these 

problems.  The RCA was prepared for batching concrete in one of three ways in order to 

mimic potential RCA field storage scenarios.  The stock RCA was used without moisture 

adjustments.  The stockpiled and sprinkled RCA was stockpiled on plywood and then 

sprinkled from the top with water until thoroughly wet on the night before batching to 

mimic partial saturation.  Saturated RCA was placed in a tub and covered with water for 

at least seven days to ensure complete saturation. 

6.2.3 Concrete Production 

The moisture content was determined for all aggregates prior to concrete production.  The 

twenty-four hour oven test in ASTM C 566 was the primary means of determining the 

moisture content.  Aggregate samples were taken from the prepared aggregate the day 

prior to concrete production.  Following sample collection, the remaining aggregates 

were sealed in buckets to maintain the moisture level.  One exception to the 24-hour 

moisture test was made.  When the stockpiled and sprinkled RCA was used to make 

concrete, the hotplate method was used to determine aggregate moisture content.  This 

was necessary because the aggregate was sprinkled with water throughout the night so 

testing the aggregate’s moisture 24 hours in advance of batching was not an option.   The 

hotplate method can determine aggregate moisture contents within one hour; it also 

follows ASTM C 566. 

Concrete was produced in one cubic foot quantities for each batch.  Materials for 

concrete were mixed according to ASTM C192 in a Stow mixer.  Natural and recycled 

coarse aggregate were added to the mixer with half of the mix water.  The mixer was then 

run until all natural and RCAs appeared wet.  While the mixer was turning, the fine 

aggregate containing air-entrainer was added.  The mixer was stopped after the mixture 

appeared uniform.  The cementitious materials and most of the remaining mix water 

containing an HRWRA were then added.  The materials were mixed for three minutes, 
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rested for two minutes, and were mixed for a final three minutes. Additional water was 

added during the rest period if the mixture did not appear to have sufficient workability. 

6.2.4 Concrete Specimen Production 

Concrete specimens for compression testing were produced according to ASTM C 470. 

Eight eight-inch by four-inch cylinders were made per batch.  The concrete cylinders 

were release from molds after one day and the specimens were placed in a lime-saturated 

bath for the remaining time until testing.  The cylinders were capped using a sulfur 

compound according to ASTM C 617 at least 24 hours prior to testing. 

6.2.5 Plastic Property Testing 

The plastic concrete properties of slump, entrained air, temperature, and unit weight were 

tested immediately after mixing.  The workability was determined using the cone slump 

test.  Workability was tested every 15 minutes after the initial slump test up to 60 minutes 

to determine the effect of placement delays for RCA concrete.  The test procedure 

followed ASTM C 143.  Air content was determined using the pressurized method. This 

method was chosen over the recommended volumetric method because it matched the 

procedure used in the field.  The test procedure followed ASTM C 213. The plastic 

concrete temperature was taken according to ASTM C 1064.  The unit weight was 

determined using ASTM C 138. 

6.2.6 Cylinder Compressive Strength 

Compressive testing was conducted according to ASTM C 39 in a Forney compression 

machine on sulfur capped 8” x 4” cylindrical specimens.  Compression tests were done at 

3, 7, 14, and 28 days.  At least two specimens were tested for each time period and 

concrete mix type.  Photos were taken and cracking measurements and failure mechanism 

were recorded after testing. 
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6.3 Results and Analysis 

 

6.3.1 Plastic Properties 

6.3.1.1 Workability 

Water addition to the concrete was adjusted based on the moisture content and absorption 

capacity of the aggregates.  Only 75 percent of the RCA absorption capacity was 

considered in calculations for mix water for a low slump mix.  The 75 percent absorption 

capacity was used by the concrete supplier with which we collaborated during initial mix 

design.  The dry aggregate may be covered with paste prior to filling the pores, therefore 

the aggregates will not actually absorb to capacity (Neville 1981).  This was especially 

important for the dry or unaltered RCA, which required more mix water to compensate 

for the RCA’s low moisture content. 

Table 11. Time lapsed slump values for laboratory tested concrete mixes 

 Initial 15 minutes 30 minutes 45 minutes 60 minutes 

 Inches Inches Inches Inches Inches 

LI Dry 2.42 1.55 1 0.25 0 

LI Stockpile 0.25 0.25 0.19 0.19 0 

LI Saturated 0.56 0.56 0.03 0 0 

GL Dry 5.5 2.44 N/A 1.75 0.75 

GL Stockpile 4.0 3 1.38 1.42 0.25 

GL Saturated 7.08 4.5 3.81 2.38 1.5 

GI Dry 7.17 2.83 1.25 0.25 0.19 

GI Stockpile 0.94 0.88 0.5 0.44 0 

GI Saturated 0.19 0.19 0.25 0.16 0 

R21 Low Cost A 1.0 N/A N/A N/A N/A 
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 Initial 15 minutes 30 minutes 45 minutes 60 minutes 

R21 Low Cost B 7.0 6 4.92 2 1.25 

 

 

A time lapsed slump test was conducted due to inconsistent workability seen in the field 

placement of the RCA concrete.  The slump values are given in Table 4 while a percent 

of the change in slump from the initial slump is given in Figures 13 - 15 

Mix designs account for the current moisture content of the aggregates by adding more or 

less mix water to keep the effective w/cm or free water in the mix constant.  The amount 

of mix water is based on the assumption that the aggregates will reach an SSD condition. 

Neville (1981) noted that the aggregates will generally only absorb water for the first 15 

minutes and then slow greatly.  This is why the first 15 minutes had the highest rate of 

workability decline. 

The Low Cost B concrete mix acts as the control mix for the RCA.  The control has the 

same mix design, but uses natural aggregates instead of RCAs.  Figures 13 - 15 show the 

Low Cost B concrete mix has a steady decrease in slump.  This indicates that the natural 

aggregate lacks adequate storage capacity in its pores to absorb or release larger 

quantities of mix water.   

Figure 13 shows the change of workability over a sixty minute period for the LI RCA 

concrete as compared to the natural aggregate concrete (control).  The dry RCA mix has 

the most consistent change in workability.  It behaves most like the control, or non-RCA.  

The saturated (soak) RCA mix did not allow any changes to workability within the first 

15 minutes, after which the slump dropped to almost zero.  The stockpiled and sprinkled 

(stock) RCA mix showed a similar, but less dramatic, behavior.  

From these results, a few mechanism theories can be postulated.  First, the limestone may 

be more porous than the gravel, as the higher absorption capacity suggestions, and 

therefore allow the water in the pores to flow more freely.  Second, the additional 

porosity or absorption capacity leads to less consistent water flow from the RCA.   
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Figure 13. Industrial crushed limestone recycled concrete time lapsed slump test 

 

Figure 14. Laboratory crushed gravel recycled concrete time lapsed slump test 
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Figure 14 shows the effect of aggregate preparation and additional absorption capacity of 

the GL RCA concrete as compared to coarse natural aggregate concrete (control).  The 

time lapsed slump testing of the GL RCA in Figure 14 shows a more consistent 

workability than the other two sources.  The dry RCA allowed the workability to 

decrease at the highest rate as the aggregate empty pores filled with the mix water.   The 

mix water was also immediately available for hydration of the cement particles rather 

than locked in the aggregate pores and therefore could be utilized more quickly.  The 

change in slump slowed after the initial 15 minutes.  As stated previously this is because 

the majority of the pores are filled after 15 minutes.   The stockpiled and sprinkled RCA 

shows the variability of an inconsistent preparation of the RCA.  The high AC magnifies 

the fluctuating moisture content achieved by stockpiling and sprinkling the aggregates.  

The saturated (soak) RCA followed the control workability the most closely.  All GL 

concrete mixes maintained some slump after sixty minutes.  This is likely because the 

paste acted as a barrier around the aggregates which did not easily allow additional water 

to flow into the aggregate pores. 

Figure 15 Industrial crushed gravel recycled concrete time lapsed slump test 
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Figure 15 shows the effect of aggregate preparation and additional absorption capacity of 

the GI RCA concrete as compared to coarse natural aggregate concrete (control).  The 

dry or unaltered RCA mix decreased the moisture in the mix quickly as the mix water 

was absorbed into the empty pores.  The rate of decrease of slump becomes more stable 

and gradual after 15 minutes.  The stockpiled and sprinkled RCA mix dried at a rate 

closest to the natural aggregate.  There was a larger workability decrease at 15 minutes 

and at 45 minutes.  The slight wetting by sprinkling did slow the decrease of the 

workability within the first 15 minutes, but did not as significantly as the saturated RCA.  

The saturated RCA mix had no change in slump until after 30 minutes.  It may be 

concluded that the saturated condition allows for the most predictable workability for the 

GI RCA concrete.  It can also be seen that shorter term workability is more easily 

predicted than the workability over longer time periods, those greater than fifteen to thirty 

minutes. 

The mixed results do not lead to a clear moisture preparation method for all RCA types.  

The workability has a lower rate of change for the saturated and sprinkled RCA during 

the initial fifteen minutes.  After which the workability rate depends on the RCA type.   

6.3.1.2 Air Content 

Table 5 shows the measured air content of the plastic concretes.  T The variation in air 

content was not dependent on the aggregate type or the saturation condition of the 

aggregate.  Rather the quantity of air-entrainer admixture added to the concrete was 

varied throughout production until proper dosing was found that produced an entrained 

air content of 6 percent. 

 

Table 12. Unit weight and air content of plastic recycled concrete aggregate and low cost concrete 

mixes 

 Unit Weight Air Content 

 lb/ft
3 

% 

LI Dry 145.20 5.20 

LI Stockpile 150.48 2.00 
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 Unit Weight Air Content 

LI Saturated 150.04 3.10 

GL Dry 145.56 5.80 

GL Stockpile 143.00 6.20 

GL Saturated 143.44 5.70 

GI Dry 144.28 5.20 

GI Stockpile 148.88 3.40 

GI Saturated 151.88 3.20 

R21 Low Cost A 151.00 4.75 

R21 Low Cost B 142.28 7.80 

 

 

The pressurized method used is not meant to be used for highly porous aggregate such as 

RCA.  However, the pressurized method was used in the lab to compare with the field air 

content results that also used the pressurized method. 

 

6.3.1.3 Unit Weight 

The measured concrete unit weights are shown in Table 12.  The laboratory crushed RCA 

had the lowest overall concrete unit weight of the RCA mixes.  This is expected because 

the laboratory crushed RCA has the lowest oven dry unit weight.   

 

6.3.2 Hardened Properties 

6.3.2.1 Compressive Strength 

The concrete strength is dependent on the mortar strength, mortar-aggregate bond 

strength, and aggregate strength.   The mortar strength increases with increasing cement 

content and decreasing w/cm. The mortar-aggregate bond strength is dependent mainly 

on the aggregate surface.  Neville (1981) also stated that this bond is affected by porosity 

and absorption of the aggregate.  The aggregate strength is controlled by the aggregate 

properties such as hardness, surface properties, and, in the case of RCA, the attached 

mortar content.  
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Lowering the cement content lowers the strength of the mortar if all other materials 

remain unchanged.  The strength is also indirectly dependent on the w/cm ratio.  The R21 

Low Cost A mix contains the lowest cement content, but also the lowest w/cm, 0.29.  

R21 Low Cost B This mix had essentially the same compressive strength as R21 Low 

Cost B at seven and 28 days. The R21 Low Cost B mix has the same cement content as 

the RCA mixes and an equivalent w/cm ratio, 0.39. 

The target 28-day strength for the RCA mix was 4000 psi.  The RCA concrete mixes with 

industrial crushed RCA that was wetted or saturated were the only RCA mixes that meet 

this criteria.  The target 28-day strength for the Low Cost Mix A was also 4000 psi. The 

Low Cost concrete mixes did not meet this value due to excessive mix water.   

The RCA concrete compressive strength values (Table 6) and trends are correlated most 

closely with the crushing type, then the moisture condition in connection with the 

aggregate pore structure.  The industrial crushed RCA concretes consistently have higher 

compressive strength than the laboratory crushed RCA concretes.  This is consistent with 

other studies.  The crushing method will determine both the mortar-aggregate bond 

strength and the aggregate strength.  The mortar-aggregate bond strength will increase as 

the old mortar attached to the RCA is removed.  This is because the attached mortar will 

cause two mortar-aggregate interfaces, which is typically the point of failure.  

The limestone RCA also uses another mechanism to increase the compressive strength of 

the concrete.  The rough surface aggregate has a higher mortar-aggregate bond than the 

smooth aggregates.  This is likely the reasoning for the limestone RCA concretes’ higher 

compressive strengths than the gravel RCA concretes.  The greater mortar-aggregate 

strength and a lower natural aggregate strength (Neville 1981) lead to failure through the 

crushed limestone and at the mortar-aggregate interface as seen in Figure 16.   

The strength may also be higher due internal curing, which are discussed in detail below.  

Internal curing occurs when adequate water store in the aggregate release water to 

hydrate the cement.  The limestone has the highest water storage capacity potential as 

shown by its absorption capacity.   This mechanism is likely why both industrial crushed 

RCAs increase in strength when the pore storage capacity is filled by saturating the 
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aggregates.  The laboratory crushed RCA lowers in strength with increase pore water 

capacity filled initially, but follows the  industrial crushed behavior on and after 28 days. 

The initial reversed behavior can be treated as negligible because the compression 

strength values only differ by 200 psi.  This may indicate that the additional water in the 

pores releases later from the laboratory crushed RCA than from the industrial crushed 

RCA.  More testing is needed on the pore structure of the crushed aggregate and attached 

mortar to determine the cause of this behavior.  

 

Figure 16. Aggregate and mortar separation at the failure plane through and around aggregates 
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Table 13. Recycled concrete aggregate and low cost concrete compressive strengths for 7, 28 and 56 

days 

  7 day 28 day 56 day 

 [psi] [psi] [psi] 

LI Dry 3151 3869 4928 

LI Stockpile 3826 5478 N/A 

LI Saturated 4615 5173 6459 

GL Dry 2786 3704 3680 

GL Stockpile 2558 3347 4226 

GL Saturated 2300 3232 4264 

GI Dry 2561 3313 3736 

GI Stockpile 3637 5235 N/A 

GI Saturated 4344 5077 N/A 

R21 Low Cost Mix A 1331 2655 N/A 

R21 Low Cost Mix B 1685 2543 2687 

 

Note: Tests were done on at least two samples, except for the 56 day test. 

The concrete using industrial crushed RCA increased in strength when the RCA was 

wetted or saturated.  The assumed mechanism is internal curing.  This was especially 

effective in the first seven days.   The saturated limestone RCA had the highest seven day 

compressive strength.  Because the limestone RCA has the highest absorption capacity, 

this implies the additional pore volume allows more water to be available for hydration.  

At 28 days, the saturated limestone RCA concrete compressive strength was still slightly 

greater than the gravel RCA concrete, but was lower than the high cement content 

concrete.  This indicates that the internal curing is most effective for early strength.  At a 

later age, the water available in the pores is already used and there are fewer unhydrated 

cement particles.   
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6.4 Summary and Conclusions 

 

The lapsed slump test illustrates the importance of timely concrete placement and RCA 

preparation for recycled concrete.  The recycled concrete workability during placement 

and water adjustment in the plant would benefit from additional moisture testing during 

production and wetting of the RCA.  To allow more placement time, the best preparation 

method is to saturate the RCA prior to concrete production.  The effect of saturating RCA 

appears to depend on the pore structure of the natural aggregate and the attached mortar 

content.  Wetting the RCA does mitigate workability rate changes, but would provide less 

consistent moisture content throughout the stockpile.  It is therefore recommended that a 

time lapsed slump test be performed on new RCAs to determine the best moisture 

condition for predictable workability. 

Adding water to the RCA prior to mixing adds to the compressive strength of the 

concrete.  This applies to both saturated aggregate and simply wetted aggregate.  Higher 

strengths were seen for the saturated industrial crushed RCA concretes at seven days than 

the other moisture conditions and laboratory crushed gravel RCA.  However, the 

industrial crushed sprinkled RCAs had a greater strength at 28 days than the saturated 

RCAs. 

The laboratory crushed RCA concrete decreased in strength with the addition of water 

prior to production.  The reasoning for this is unknown at this time.  One possible reason 

includes inadequate pore structure due to the high attached mortar content.  The strength 

of the laboratory crushed RCA concrete was lower overall as compared to the industrial 

crushed RCA concrete. 

It may be concluded that the w/cm ratio of the concrete has a greater impact on the 

durability than the air content.  Though it was seen that the air content did also influence 

the durability, an increase of cement content did not increase the durability; in fact, an 

almost opposite trend was observed.  The RCA mix consistently had the highest internal 

damage throughout the freeze-thaw resistance testing.  The air content in the paste may 

have been measured artificially high due to the empty pores in the attached mortar on the 
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RCA.  This would mean the small empty pore system was concentrated in the RCAs 

instead of evenly distributed in the paste. 
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CHAPTER 7. LABORATORY INVESTIGATION OF LIME SOFTENING 

RESIDUALS 

 

Portland cement is typically the highest cost material by volume in concrete with the 

exception of high strength provisions.  To lower the cost of the concrete mortar, 

supplementary materials such as fly ash replace a portion of the portland cement.  The fly 

ash replacement lowers the strength gain rate of the mortar because the fly ash reaction 

requires the portland cement to first hydrate to form CaOH2 to create the strength forming 

compound CH3 in the concrete.  This report postulates that additional CaOH2 will 

increase the rate of strength gain rate of the fly ash particles and therefore increase the 

early strength.  Lime softening residuals (LSR) were investigated as a cementitious 

material used to increase the amount of calcium hydroxide CaOH2 to react with the fly 

ash. Additionally, this report hypothesizes that the strength gain rate increases due to the 

aluminum and iron in LSR as it does in the hydration of portland cement. 

 

The LSR was testing from three sources to determine the highest strength producing 

mortar via mortar cubes.  The highest performing LSR was then used to replace a portion 

of fly ash in the low cost concrete used in the SHRP2, R21 project.  The concretes were 

tested for workability and compressive strength with the goal of observing the effect of 

partial replacement of the fly ash with CaOH2 to lower the overall cost of the mortar 

portion of the concrete.   

 

7.1 Materials 

 

7.1.1 Lime Softening Residuals 

Lime softening residual are produced by adding unhydrated lime (CaO) to water during 

the treatment of drinking water for the purpose of softening the water.  The LSR used in 

this study was produced at three water treatment plants in the Minneapolis, Bloomington, 

and St. Paul.  Relevant chemical and physical characteristics as well as the source water 

and coagulant used are listed in Table 1.  Please see the hydrated lime section for an 

explanation of LSR production.  The Minneapolis and St. Paul water treatment plants use 
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surface water.  The surface water treatment plants soften the water to remove calcium 

hardness and raise the pH to destroy harmful organisms in the water.  In order to raise the 

pH to a level that effectively kills harmful organisms, a higher dose of CaO is used in the 

water.  The Bloomington water treatment plant treats ground water.  The ground water is 

softened to remove iron and calcium hardness. This does not require as high of a lime 

(CaO) dose; resulting in a lower calcium content shown in Table 14. 

Table 14. Lime softening residual physical and chemical properties 

 Minneapolis Bloomington St. Paul 

Source Water Surface Ground Surface 

Thickener Centrifuge Lagoon Filter Press 

Coagulant Aluminum Sulfate Anionic Polymer 
Aluminum Sulfate 

and Ferric Chloride 

Moisture 38.2  percent 53.0  percent 48.2  percent 

Calcium 34.3  percent 16.0  percent 33.8  percent 

Aluminum 0.06  percent 0.02  percent 0.34  percent 

Iron 0.22  percent 0.25  percent 0.44  percent 

Magnesium 0.90 percent 1.30 percent 3.55 percent 

 

The moisture level of the LSR effects the production and transport cost.  The production 

cost is increased because the drying process will produce fewer solids from an equal wet 

volume of LSR.  The transportation cost is increased because more water is hauled with 

the solid LSR. 

The calcium content is the best measure of CaOH2 content available to reaction with the 

fly ash.  Based on the pH of the softened water the estimated CaOH2 percentage of the 

total calcium available is given in table 14.  
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Portland cement and fly ash have less than two percent magnesium in the form of MgO.  

MgO can cause weak points in the concrete mortar when MgOH2 is formed.  Therefore, 

the MgO content in hydraulic cement is limited by ASTM 595 to six percent.  The 

magnesium levels in the LSR meet the ASTM 595 specification to be used in hydraulic 

cement blends. The Minneapolis LSR has less magnesium than the other LSR because its 

thickening method allows the magnesium, which is lighter than the calcium and 

aluminum, to be driven off with the liquid portion.  This LSR has less magnesium than 

other LSR because the magnesium is lighter and typically remains within the liquid 

portion. 

The LSR was added to the portland cement and fly ash as a powder.  The powder form 

allowed for more control of the water to cement ratio.  To produce LSR in a powder form 

the LSR was oven dried at 230 F for approximately twenty-four hours.  It was then 

crushed by rolling a heavy weight over the dry LSR.  Finally the LSR was sieved; only 

the particles passing the #100 sieve size were used.  The smaller particles have more 

surface area and therefore are higher reactivity potential.  However,  due to less effective 

crushing methods, a reasonably large size was needed to produce adequate volumes of 

powdered LSR. 

7.1.2 Cement 

The portland cement was obtained from St. Genevieve in Bloomsdale, Missouri. It is 

classified at Type I/II cement with a specific gravity of 3.15. 

7.1.3 Fly ash 

The fly ash was obtained from Coal Creek Station in Underwood, North Dakota. It is 

classified as Class C/F with a specific gravity of 2.5. 

7.1.4 Coarse aggregate 

The coarse aggregate used was ¾” maximum size and 1 ½” maximum size gravel. The 

two were combined in such a way as to meet the SHRP2 R21 construction gradation 

specifications. The SSD bulk specific gravity is 2.69 and 2.75 for the ¾” and 1 ½” 

aggregate, respectively.  The gradation was determined using ASTM C 136 with oven 
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dry samples divided using ASTM 702.  The SSD bulk specific gravity and absorption 

capacity were determined using ASTM C 127. 

7.1.5 Fine Aggregate 

The fine aggregate used was natural sand.  The gradation was determined using ASTM C 

136 of oven dry samples.  The SSD bulk specific gravity and fineness modulus were 2.53 

and 2.76, respectively, as given by the aggregate provider. 

7.1.6 Admixtures 

The air-entrainer used was Multi-Air 25.  The high range water reducer, Sika 686, was 

used as needed to allow consistent workability.  

7.2 Methods 

 

7.2.1 Mix Design 

The mix design was created by initially selecting an LSR source through mortar cube 

testing and secondly in a concrete mix, tested as cylinder specimens. 

7.2.1.1 Mortar Cubes 

The three LSR types were first tested via mortar cube strength testing to determine which 

LSR produced the highest compressive strength mortar.  The mortar is the paste portion 

of the concrete.  The mortar cube testing also allowed analysis of the LSR chemical and 

physical components and their effects on the mortar strength.   

The mortar cube mix design divided the cementitious materials into thirds while keeping 

the sand volume constant.  The mix designs were devised to further isolate the possible 

mechanism of the LSR contribution by changing a large portion of the cementitious 

material content in equal portions.  Based on the calcium, aluminum, or iron contents of 

the LSR, the effects of theses chemical elements on the compressive strength of the 

concrete may observed.  Fly ash, three sources of LSR, and fine sand were all used as 

portland cement partial substitutes in mortar (Table 15).  The fly ash substitution of 

portland cement provides a comparison of the compressive of the mortar with fly ash 
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without additional CaOH2 from the LSR.  The Fine Sand mix used fine sand in place of 

the LSR portion.  The fine sand was to determine if the LSR was simply behaving as a 

filler material.  Water was adjusted for consistency of the mortar paste. 

The mortar mix portions and compression testing follow ASTM C 109 for testing the 

compressive strength of hydraulic cement mortars.  The mix portions are given in Table 

15. 

Table 15. Mix designs of lime softening residual mortar cubes 

  Cement Fly Ash LSR Sand Water 

 lb/yd
3 

lb/yd
3 

lb/yd
3 

lb/yd
3 

lb/yd
3 

Control PC 333.4 166.7 0 1375 207.6 

Control FA 166.7 333.4 0 1375 216.2 

Minneapolis 166.7 166.7 166.7 1375 242 

Bloomington 166.7 166.7 166.7 1375 262 

St. Paul 166.7 166.7 166.7 1375 272 

Fine Sand 166.7 166.7 166.7 1375 225 

 

Note: Fine sand was used in place of LSR in the Fine Sand mix. 

7.2.1.2 Cylinders  

The mortar cube compressive strength results were used to select the LSR to use for 

further testing.  The Minneapolis LSR was chosen based on the highest compressive 

strength.  The LSR was then used with a variation of the SHRP2, R21 mix design to 

produce concrete for further plastic and hardened property testing.  The concrete was 

placed in cylinder molds for compressive strength testing.  The mix designs for cylinder 

production are summarized in Table 16 for one cubic yard of concrete.   
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Table 16. Laboratory concrete mix designs for cylinder testing 

 
Units 15 % LSR Control R21 Low Cost Kumar 

Water lb/yd
3 

224 153 156 230 

Cement lb/yd
3 

360 360 240 405 

Fly Ash lb/yd
3 

150 240 360 270 

Lime Sludge lb/yd
3 

90 0 0 0 

CA #1 lb/yd
3 

827 838 787 -- 

CA #2 lb/yd
3 

928 931 1102 2146 

Mason F.A. lb/yd
3 

1227 1234 1263 936 

HRWRA oz./yd
3 

40 0 177 26 

Air Entrainer oz./yd
3 

  192  

 

 

The 15 % LSR mix design followed the preliminary R21 Low Cost mix design except 

15% of the cementitious materials are replaced with LSR.  This percentage of 

replacement was chosen after reviewing other similar studies in literature.  The 

preliminary R21 Low Cost mix is used as the control to compare LSR’s effect on the 

compressive strength gain rate.  The R21 Low Cost mix design used in the R21 SHRP 

pavement was changed prior to the construction of the pavements in the field study.  The 

mix design and results from the R21 Low Cost are included in this study for comparison, 

though testing was done during a separate portion of the overall R21 SHRP project.  The 

LSR replaced 15 % of the cementitious materials.  The LSR only replaced the fly ash 

portion by mass while the portland cement content remained constant, meaning 

approximately 37 percent of the fly ash and no portland cement was replaced.  

Another concrete mix in a study by Kumar (2007) is included to provide more data for 

comparison. The Kumar mix uses the same 40:60 fly ash replacement ratio as the Control 

mix and uses a similar target w/c.  
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7.2.2 Concrete and Specimen Production 

7.2.2.1 Concrete Production 

The moisture content for all aggregates was tested using the oven drying method 

according to ASTM C 566.  The aggregate samples were taken approximately 24 hours 

prior to concrete production then the aggregates were sealed in containers to keep 

consistent moisture content.  The aggregate was massed and then placed in an oven to 

bring the sample to oven dry.  The remaining aggregate, from which the sample 

aggregate was taken, was sealed in containers to maintain a constant moisture level.  

Since sealing the stockpiled and sprinkled RCA was not possible, nor desirable, the hot 

plate method was used on the day of concrete production to test moisture content.  All 

samples were taken so as to be representative of the material.  

Materials for concrete were mixed in one-cubic-foot batches in a Stow mixer according 

to ASTM C 192.  The coarse aggregates were added to the mixer with half of the mix 

water.  The mixer was then run until all the coarse aggregates appeared wet.  While the 

mixer was turning, the fine aggregate containing air-entrainer was added. The mixer was 

stopped after the mixture appeared uniform.  The cementitious materials and most of the 

remaining mix water containing a HRWRA were then added.  The materials were mixed 

for three minutes, rested for two minutes, and were mixed for a final three minutes. 

Additional water was added during the rest period if the mixture did not appear to have 

sufficient workability. 

7.2.2.2 Specimen Production  

 Eight eight-inch by four-inch cylinder specimens were produced according to ASTM C 

470 for each batch.  This allowed enough specimens to test the compressive strength of 

two specimens at three days, three at seven days, and three at twenty-eight days.  The 

molds were broken after one day and the specimens were placed in a lime-saturated bath 

for the remaining time until testing.  The cylinders were capped using a sulfur compound 

according to ASTM C 617 at least 24 hours prior to testing.  
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7.2.3 Testing 

7.2.3.1 Mortar Cube Compressive Strength Testing 

The testing procedure follows ASTM C 109 for compressive strength of hydraulic 

cement mortars.  The mortar cubes were released from the molds after one day and 

remained in a lime-saturated tub of water until testing.  Mortar specimens were dried a 

few hours prior to testing to mitigate pore pressure interference.  The LSR mortar cubes 

included three specimens for testing the three-day compressive strength, at least six 

specimens for testing the seven-day strength, and four specimens for testing for the 28-

day strength. Control mixes included three specimens for the three- and seven-day 

compressive strength testing.  The mixes were not tested at 28 days because the 

comparison of early strength was the point of interest.   

7.2.3.2 Lime Softening Residual Chemical Analysis 

Chemical analysis, by element, was provided by the water treatment plants shown in 

Table 14.  The analysis included the moisture content and chemical compound 

concentrations in the solid portion of the LSR.  Water treatment plants are required to test 

the LSR periodically to determine contaminants.  This is especially important if the LSR 

is land filled or is discharged to the sewer.   

7.2.3.4 Concrete Plastic Properties 

Plastic properties were tested immediately after mixing.  The workability was determined 

using the cone slump test.  The test procedure followed ASTM C 143.  Air content was 

determined using the pressurized method.  The test procedure followed ASTM C 213.  

The plastic concrete temperature was taken according to ASTM C 1064.  The unit weight 

was determined using ASTM C 138. 

 

7.2.3.5 Concrete Cylinder Compressive Strength Testing  

Compressive testing was conducted in a Forney compression machine on sulfur capped 

eight-inch by four-inch cylindrical specimens.  Photos were taken and cracking 

measurements and failure mechanism were recorded after testing.  The specimens were 



 80 

capped using a sulfur compound according to ASTM 617 and tested according to ASTM 

C 39. 

7.3 Results and Analysis 

 

7.3.1 Mortar Cube Compressive Strength 

The mortar cubes were tested only for compressive strength (Table 17), but general 

workability effects were also observed. 

Table 17. Mortar cube compressive strength 

  3 Day 7 Day 28 Day 

 psi psi psi 

Control PC 1778 2831 -- 

Control FA 1167 1552 -- 

Minneapolis 801 1585 2597 

Bloomington 566 1129 2288 

St. Paul 565 1053 1598 

Fine Sand -- 814 -- 

 

 

It can be seen in Table 16 that the Control FA mix has a higher initial strength than the 

mixes that replace a portion of the fly ash.  This is because the fly ash contains CaO.  The 

Control FA mix compressive strength is 132% greater from day three to day seven.  

During the same time period the mixes with LSR replacing a portion of fly ash had a 

compressive strength gain of almost 200%.  The main mechanism for LSR strength 

contribution theorized in this report is its reaction with fly ash particles as CaOH2. The 

Minneapolis LSR has the highest compressive strength and the highest calcium volume 

amongst the LSR mortar cube results.  However, the St. Paul LSR mortar cube strength 

does not reflect that its calcium content, 33.8%, is much closer to that of the Minneapolis 

LSR, 34.3%, than to Bloomington, 16%.  This is likely due to the larger particle size 

because the St. Paul LSR did not readily crush as well as the LSR from Minneapolis or 

Bloomington.  Though only the LSR particles passing the #100 sieve size were used, the 
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St. Paul gradation had a higher percentage of larger particle sizes than the other LSR 

sources.  This will create a smaller surface area and therefore lowering the reactivity.  

Other chemical elements or compounds may have influenced the compressive strength of 

the LSR mortars.  For example, the St. Paul LSR contains approximately three times 

more magnesium than the other LSR sources.  Due to the softening process, magnesium 

is in the form magnesium hydroxide.  Magnesium hydroxide is not desirable in concrete 

due to its expansive byproducts, but is allowed up to 6 percent. The expansion during 

hydration increases the rate of deterioration in the concrete. (Iowa DOT 2000, ASTM 

595)  However, the additional iron and aluminum may increase the strength if the 

elements are not tied up in other compounds. The fine sand mix demonstrates LSR’s 

ability to contribute to the strength not simply as a fine particle filler because the strength 

of the sand mix at seven days is less than the LSR mixes.  Therefore the LSR is 

contributing additional strengthening properties to the mixes.  

7.3.2 Plastic Properties 

Table 18. Low cost and lime softening residual concrete plastic properties 

  Air Slump Unit Weight 

 % Inches lb/ ft
3 

15 % LSR 5.0 1 N/A 

Control 6.0 8.5 145 

R21 Low Cost 4.75 1 151 

 

 

The workability, measured by slump in Table 17, of the LSR mix dropped due to the 

reaction or hydration of the LSR.  The R21 EAC mix shown required significantly more 

water than the R21 Low Cost mix to achieve similar workability.  The slump of the 

Control is above the desired slump value and implies less water should have been used.   
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The air content did not change significantly between the mixes.  The target air content 

was 6 percent.  The unit weights also did not vary significantly from the expected 145 

lb/ft
3
.   

 

7.3.3 Cylinder Compressive Strength Testing  

 

The early strength is a main concern for HVFA concrete.  The R21 Low Cost mix with 

60% fly ash replacement reached its target strength of 4000 psi at 28 days. The LSR 

concrete mix compressive strength increased 35.6% between days three and seven. The 

R21 Low Cost mix compressive strength increased by 22.5% between day three and day 

seven.  The LSR and R21 Low Cost mixes compressive strengths increased by 33.4% and 

34.6%, respectively, between days seven and 28.  The LSR mix has an early compressive 

strength rate of almost 13%.  This may be attributed to the additional initial CaOH2 

available to react with the fly ash.  There is no significant difference between the seven 

and twenty day compressive strengths of the LSR and R21 Low Cost mixes.  This is 

because approximately 80 percent of the chemical reactions for strength have taken place 

by day seven (Neville 1981).  The 40% fly ash replacement concrete in the study by 

Kumar (2007) performed at approximately the same rate at the 15% LSR mix.  The 15% 

LSR mix compressive strength value was slightly higher, 400 psi, than the Kumar mix at 

7 days.  This may indicate that the LSR increases the early strength of the fly ash 

concrete.  However, a three day compressive strength test value would be needed to 

verify.  

 

Table 19. Low cost and lime softening residual cylinder compressive strength for 3, 7 and 28 days 

  3 Day 7 Day 28 Day 

  psi psi Psi 

15 % LSR 2515 3588 5081 

Control 1480 1898 2801 

R21 Low Cost 2353 2950 4185 

Kumar  3190 5076 
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The Control mix compressive strength clearly suffered due to the increased effective 

water content.  The Control mix should have a higher early than the R21 Low Cost mix 

because the fly ash replacement ratio was only 40 percent compared to 60 percent for the 

R21 Low Cost mix.  The high slump of the Control mix indicates a higher w/cm than 

intended.  The R21 Low Cost mix, again, had a lower w/cm than the Control mix due to 

the high fly ash content.  The low w/cm increases the strength of the Low Cost concrete.  

The differences in the effective w/cm ratio caused by the LSR and the unintended high 

workability of the Control mix make the comparison of the LSR mix to the Control mix 

difficult.  The R21 Low Cost strength also cannot be directly compared due to the higher 

portland cement content of the 15 % LSR mix.  However, the rate of strength gain can 

still be compared.   

 

The Kumar concrete mix values were included in this report to give a better comparison 

of strength due to the poor performance of the Control mix and the higher fly ash 

replacement ration of the R21 Low Cost mix.  The strength comparison is incomplete 

because the three day strength value was not recorded in the Kumar study.  However, it 

can be seen that the 15% LSR concrete mix strength value is approximately 400 psi 

higher than the Kumar concrete mix at day seven.  Please note that the Kumar concrete 

mix has a higher concrete volume.  The Kumar and 15% LSR mixes have an insignificant 

difference at day 28, which may indicate that the overall strength is not affect by the 

replacement of fly ash with LSR at the rate of 15%.  It also may indicate that early 

strength gain rate is increased with the addition of the LSR. This report hypothesizes that 

the increased strength gain rate is due to greater availability of hydrated lime for the 

remaining fly ash to use. 

 

7.4 Summary and Conclusions 

 

Concrete containing up to 60 percent fly ash replacement can reach strengths acceptable 

for use in pavement.  The twenty-eight day strength is comparable to the high cement 
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content concrete.  Earlier strengths only differed by approximately 7 percent.  The high 

fly ash replacement rate would allow for considerable savings in material costs. 

 

These preliminary test results indicate that lime softening residuals (LSR) may increase 

the rate of hydration of fly ash.  The mechanism is assumed to be an increase in 

availability of calcium hydroxide.  The higher strength seen in the Minneapolis LSR 

compared to other LSR sources indicates that calcium content and particle size are the 

largest contributing factors.  However, the aluminum, iron, or other element may be 

providing the additional strength.   

 

More testing is needed to isolate the effect of LSR with fly ash.  These tests may include 

heat of hydration testing and the observation of hydration byproducts through a scanning 

electron microscope or other imaging method. 
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CHAPTER 8. FEASIBILITY STUDY OF WASTE MATERIALS 

 

This feasibility study investigates the use of recycled concrete aggregate (RCA) and lime 

softening residuals (LSR) in concrete as a construction material in the Minnesota Twin 

Cities Seven-County Metropolitan Area, to be hereto referred as the Metropolitan Area. 

These recycled materials must be economically feasible or provide an economic incentive 

if they are to be used in the construction industry.  In order to determine the financial cost 

and benefit, the operational costs including regulatory fees and future supply and demand 

of the recycled material compared to the currently used materials will be analyzed.   

 

8.1 Demand and Supply Trends 

 

Demand for concrete generally is on the rise as cities expand and repair structures and 

infrastructure.  In particular, aggregates as the highest volume component in concrete and 

cement as the highest cost by volume component in concrete.  The supply and demand of 

aggregate resources will likely drive the cost of future resources and dictate industry 

regulation.  To keep costs low and maintain a steady supply of aggregate, regulations and 

alternative sources will be used to accommodate the increasing demand trend. 

 

8.1.1 Natural Aggregates 

The production of aggregate in the United States is expected to jump 2 billion tons per 

year to 2.5 billion tons by 2020 (FHWA 2004).  Minnesota has continued to see large 

increases in aggregate consumption.  The Seven-County Metropolitan Area aggregate 

demand has grown by 200 percent since 1982 (MetCouncil 2000).  According to the 

Minnesota Department of Natural Resources (DNR), "permitted reserves" were 

"estimated to last only about thirteen years based on" demand in 1999.  However, the 

current economic downturn lowered the demand for aggregate.  This, combined with the 

increase of demolition and aggregate recycling, and efficiency of crushing and separating 

equipment, has lengthened the projected time the aggregate supplies will be available.  

Major aggregate suppliers now estimate a twenty to thirty year supply for currently active 

pits and quarries in Hennepin County, depending on remaining volumes.   
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Many potential gravel sources in the Metropolitan Area are currently on developed land. 

The purchase of land for mining will only occur when the revenue from aggregate 

production is higher than the revenue and cost of the current development.  Due to 

continuing land price increases, higher property taxes in more developed areas, and 

public disapproval of aggregate mining due to dust and noise, alternative aggregate 

sources will likely be used prior to acquiring these properties.   The currently available 

resources in the Metropolitan Area are set to be completely depleted by 2029 to 2034, or 

even as late as 2047 if an urbanized aggregate location were used. (Figure 8) 

(MetCouncil 2000)  As the supply of nearby quality aggregate decreases, cost of 

aggregate will rise.  

These continued demands and lowering natural aggregate supplies lead to the need for 

new aggregate sources.  Recycled materials are a logical alternative to natural aggregate.  

Currently, 123 million ton of construction waste are produced each year (FHWA 2004).  

Reuse of this material would allow natural aggregate to be saved for high strength 

applications and extend the timeline within which the aggregates are depleted.  Most 

states use recycled concrete aggregates for road construction. However, only eleven of 

those states uses the recycled aggregate for the concrete, structural layer, of the 

pavement.  

8.1.2 Portland Cement 

The economic downturn and resulting decrease of construction has caused the most 

significant decline of concrete and cement industry demand.   The national portland 

cement consumption fell by 15.2% in 2008 as compared to 2007.  However, cement and 

concrete consumption are rising again.  Minnesota consumed 1.2 million metric tons of 

cement mostly for the production of 5.3 million cubic yards of concrete in 2010.  (PCA 

MN Econ) This was a 5.7% demand increase from 2009, after declining demand since 

2005. (PCA)     

The supply of portland cement is not as much a concern as the ability of cement 

manufacturers to continue production in the United States.  Of the 93.6 million metric 

tons of portland cement used in the United States in 2008, 11.5 million metric tons were 
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imported.  As domestic costs rise due to increasing environmental regulations, more of 

that demand is expected to be filled by other countries. (EPA 2010) In fact the foreign 

cement industry will increase its capacity by 25 million metric tons by 2012.  However, 

the U.S. cement industry is becoming more efficient with the use of dry kiln processing, 

increased kiln capacity and automation.  According to the Portland Cement Association, 

the average kiln production has increased by 78.6% over the past twenty years; because 

of this fewer kilns are now operational. 

8.2 Operational Cost 

 

8.2.1 Aggregates 

8.2.1.1 Hauling Cost 

The predicted aggregate shortage within the next 50 years means that aggregates will 

either need to be manufactured, recycled, or hauled from a greater distance.     

Through geographic information system (GIS) analysis and aggregate resource data from 

the Minnesota Department of Natural Resources and Metcouncil, the availability of 

aggregate resources are shown in Figures 17 - 19 for 1997, 2020, and 2040.  These 

figures show the aggregate sources closest to the area of highest demand with be used 

first.  The richest source of aggregate is in the southeast portion of the Metropolitan Area.  

According to predicted volumes, the southeast will continue to serve the region until 

2040, as shown in Figure 10, and will be the last region to be depleted.  The analysis uses 

point to point distances, not the distance traveled on the road network.  This analysis also 

assumes that a concrete plant is just as likely to source the aggregate from any of the pit 

locations in the seven county metro area. 

In 1997 the mean distance between an aggregate source and a concrete plant, according 

to the GIS analysis, was 22.8 miles.  The predicted average distance in 2020 and 2040 are 

25.7 miles and 26.4 miles, respectively.  MnDOT uses a standard $0.25 per ton per mile 

to transport aggregate.  Using the current MnDOT hauling cost, the cost between 1997 

and 2040 would increase by $0.90 per one way trip.  Assuming five yard single axle 

dump truck is used to transport the aggregates, this would an additional $270 per mile of 
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two lane, 6 inch, concrete pavement, not including the base material.  This cost will 

fluctuate with fuel cost, which has been trending upward.  The FHWA (2004) concludes 

that the hauling cost savings would be 

considered when the natural aggregate source is approximately 50 miles.  Quality 

aggregate source hauling distances will not reach these lengths for a while, but for states 

such as Texas these distances have already been reached (Hotaling 1982). 

The data used in the GIS program also shows that the most heavily mined aggregate are 

natural gravel.  (Due to the large number of points the data is not shown here).  This is 

due to the superior qualities of natural gravel.  By 2040, the table shows that the only 

remaining aggregate are carbonate, igneous, or quartzite rock.  This means that the region 

will have depleted all its higher quality aggregate.  RCA may therefore become more 

Figure 17. 1997 aggregate sources and current concrete plants and aggregate crushing and storage 

facilities 
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appealing if it includes higher quality original aggregate. 

 

The availability of demolished concrete, however, will increase over this time period as 

the infrastructure ages and is replaced.  Coarse RCA could come from two main sources, 

the first being land filled concrete from previously demolished concrete structures 

including pavements and the second being the concrete pavement to be replaced.  Land 

filled concrete would be most useful if it is already separated from any other construction 

materials, including wood, plaster, asphalt, glass, or brick. (Figure 20) 

Figure 18. 2020 aggregate sources and current concrete plants and aggregate crushing and storage 

facilities 
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Figure 19. 2040 aggregate sources and current concrete plants and aggregate crushing and storage 

facilities 

Figure 20. Demolished concrete stockpile in Minneapolis, MN 
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8.2.1.2 Regulatory Cost 

8.2.1.2.1 Current Fees and Taxes 

Storm water control and air quality permit applications for aggregate mining are 

submitted to the Minnesota Pollution Control Agency (MPCA).  In many Minnesota 

counties, a Conditional Land Use Permit is required after a certain threshold of aggregate 

mining activity.  A special permit is also needed if the mining is close to wetlands or 

navigable water.  (DNR 2001)  All of these permits add to the cost incurred by the 

aggregate mining companies through the use of their own work force to file the necessary 

paperwork and fees to acquire the permits. 

In Minnesota, the Aggregate Material Tax Statute (Minn. Stat 298.75) taxes aggregate 

removed at the time of transportation from the mining site or when sold.  This tax is 

currently collected in 23 of the 87 counties in Minnesota, including Hennepin County.  

The resulting revenue from this tax is designated as such: 90 percent for roads and 

bridges and 10 percent for reclamation of abandoned pits or quarries on public lands.  In 

this way, aggregate mining costs also include the cost to repair road damage caused by 

hauling damage and reclamation of the land after mining operations are terminated.  

(DNR Fact Sheet & Agg Report) 

The tax is currently ten cents per cubic yard or seven cents per ton of aggregate.  This tax 

was first enacted in 1961 for Clay County, not to exceed five cents per cubic yard of 

gravel.  The current tax value was set in 1982, along with the inclusion of other aggregate 

types.  Since 1982 the number of counties authorized to collect the tax has increased.   

The tax also applies to out-of-state aggregate being imported.  This means that if the 

source state also taxes, two sets of taxes would be paid.  This may indicate that the 

Metropolitan Area will continue to use pits and quarries in Minnesota, despite close 

proximity to Wisconsin. 

Through disposal fees (tipping fees) and other interventions countries such as the 

Netherlands have a recycling rate of 90% (Cuperus 2003).  Current disposal fees in the 
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United States will not likely contribute enough to the total construction cost to cause 

reuse of the waste.  

8.2.1.2.2 Future Fees and Taxes 

The Minnesota Legislature formed the aggregate resources task force in 1998.  The task 

force was to be used to form recommendations for the preservation and conservation of 

the Minnesota aggregate resources. (Rukavina 2000)  The resulting report recommended 

several measures to create a more stable aggregate supply.  Those recommendations that, 

if enacted, could add significant financial cost to aggregate mining are included here.  

First, a minimum reclamation standard was recommended to create continuity between 

county reclamation standards.  The standard would allow counties to require private 

aggregate mining companies to minimally reclaim the land after mining has been 

terminated.  This could include lessening slopes or implementing erosion control. 

Second, a mine plan development and technical review was recommended to mitigate 

environmental problems and address logistics such as traffic.  The plan and technical 

review would also follow up on all necessary permits filed with the local municipality 

and the Minnesota Pollution Control Agency.  The report explicitly sates that the project 

proposer would be responsible for all "fees to cover the cost of the technical review".   

Third, a scaled mining permit and associated fees were recommended.  Counties would 

issue permits based on the size of the mine, length of time the land is to be mined, and 

type of mining and collect the associated fees for the permits.  

Fourth, a native prairie conservation fund was recommended to conserve native prairie.  

The fund would be sourced by a fee "imposed upon mining operators that destroy native 

prairie as a result of mining."  The fund would be used to purchase native prairie parcels 

for conservation. 

Finally, the report recommended the Aggregate Material Tax be set to a range of seven to 

fifteen cents per ton of aggregate, instead of limited to the current seven cents per ton.  

The authority to set the tax would be determined by each county.  
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The remainder of the recommendations deal with government policy that would not 

impose a fee or financial burden on the aggregate mining companies, but could change 

the availability of mining sites.  The recommendations also include increasing recycled 

aggregate use and multi-modal aggregate transportation promotion. 

These recommendations have received no further action. 

8.2.2 Portland Cement 

8.2.2.1 Hauling Cost 

Though the efficiency gains have increased profitability, fewer kilns mean longer hauling 

distances.  Cement shipping costs do not allow cement manufactures to distribute over 

long distances and still remain profitable.  Therefore, consumers generally purchase from 

regional sources.   

There are no cement manufactures in Minnesota.  The nearest cement plant is nearly 250 

miles away from Minneapolis and St. Paul, the two largest cities in the Twin City metro 

area.  The number of concrete and related industry plants in Minnesota are declining as 

well.  In 2005 Minnesota had 1,451 plants.  In 2010 that number decreased to 980. This 

means potentially greater hauling distances. 

Alternatively, lime softening residuals (LSR) from water treatment plants could be used 

as a partial replacement of portland cement.  There are six municipalities in the 

Metropolitan Area that produce lime softening residuals (LSR) in the Metropolitan Area.  

8.2.2.2 Production Cost 

Portland cement is highest energy-consuming component in concrete (Bonavetti et al. 

2003).  As the cost of energy increases the cement industry has adapted some efficiencies 

in production such as a dry kiln process (Morbi et al. 2010).  Alternative constituents in 

portland cement production or   For this reason, suppliers have used supplementary 

materials to lower the cement content needed.  As stated previously, high volume fly ash 

(HVFA) concrete is still more economical than traditional concrete, even with the 

additional cost of mitigation measures to increase the concrete strength.  (Benz et al. 
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2010)  Singh at el. (2006) estimated portland cement costs 30 times more than fly ash.  

This means the low cost concrete mix 60% fly ash replacement of portland cement had a 

cost savings of $512.00 per cubic yard.  

8.2.2.3 Regulatory Cost 

The Environmental Protection Agency (EPA) implemented new regulations for the 

production of cement in November of 2010.  This new regulations limit emissions of 

mercury, total hydrocarbons (THC), particulate matter (PM), hydrochloric acid (HCl), 

opacity, nitrogen oxides, and sulfur dioxides for new and existing kilns. (EPA 2010)  The 

new standards are based on studies of currently operating plants and their emissions.   

The EPA estimates the new regulations will cost the national cement industry 2.2 billion 

dollars in capital costs and 377 million dollars in annualized costs to implement the new 

monitoring and scrubber equipment using the Engineering Analysis model.  The ISIS 

model estimates the annual cost to be 350 million dollars by 2013.  This translates into an 

estimated decrease in cement industry revenues of 4.5 percent or 421 million dollars, 

nationally, according to the ISIS model.  Part of the predicted drop in revenues is due to 

an expected drop in production due to demand loss and an increase in imports.  The price 

of portland cement is estimated to rise by 5.4 percent ($4.50/ metric ton) or 6.8 percent 

($5.79/ton) according to the Economic Impact analysis and ISIS models, respectively.  

(EPA 2010) 

8.5 Summary and Conclusions 

 

Aggregate and portland cement operational, The increasing cost of aggregate and 

portland cement in Aggregate mining companies are already recycling natural aggregate, 

investing in more efficient processing equipment to produce less waste, or using recycled 

waste aggregates.  The governmental policy, however, has not moved to implement its 

recommendations to increase the use of recycled aggregate.  

The use of RCA in the Minnesota Seven-County Metropolitan Area, however, will be 

determined by the willingness of MnDOT and other state departments of transportation to 
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use it.  This practice will also need to be adopted in other construction industries if our 

aggregate resources are to be protected from depletion. 

The natural aggregate resources in the Metropolitan Area have approximately twenty-

nine to thirty-seven years available.  Recycled concrete aggregate will be used as a main 

source of aggregates when the natural aggregate supply has been depleted near the 

construction sites or when fees and regulations increase the cost enough to demand the 

use of poorer quality aggregates.  Recycled aggregates are already used in no-wear 

pavement layers and asphalt pavement.  More areas of use, such as the structural layer of 

pavements, are necessary to slow the depletion of natural aggregate and create a more 

stable aggregate market. 
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CHAPTER 9. CONCLUSION AND RECOMMENDATIONS 

 

The United States lags behind most industrialized countries in the use of recycled waste 

in new concrete pavement.  Coarse recycled concrete aggregates (RCA), fly ash, and lime 

softening residuals (LSR) are a few of the viable recycled materials available for new 

concrete pavement.  Previous studies with poor experiences or lack of knowledge of these 

waste products have slowed or stopped their implementation.  However, mitigation 

techniques discussed in this report and recent studies, as well as the implementation of 

some of the recycled materials in other countries, can increase successful 

implementation.  These waste products can be used to lower the cost of the concrete and 

lower the environmental impact of concrete.   

9.1 Alternative Aggregates 

 

The crushing method of the RCA used in some research, have caused mixed results about 

the effects of RCA in concrete.  Unfortunately, most studies, especially earlier ones, used 

RCA produced from concrete crushed in small crushers.  The smaller crushers were used 

due to their ability to fit in a laboratory space and the need for a smaller volume of raw 

material.  The laboratory crushers, however, do not produce good quality RCA.  The 

RCA generally contains more attached mortar and breaks through the natural aggregate 

as well.  The laboratory crushed aggregate creates more workability issues during 

placement because of the higher absorption capacity (AC) caused by additional attached 

mortar.  The irregularity of the RCA particles also affected the workability of the 

concrete.  Longer and more angular pieces are a result of the laboratory crushing process.  

An industrial system that includes a primary and secondary crusher generally produces 

less varied and better quality RCA.  The industrial system is the system that will be used 

for concrete production in the field.  Therefore, results from studies that use an industrial 

system should be used over studies that used laboratory crushed RCA. 

As seen in the laboratory and field study in this report, dry RCA can reduce workability 

in concrete than natural aggregate due to the RCA’s high AC.  The laboratory study 

showed that the changes in workability can be slowed if the RCA is wetted or saturated.  
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The laboratory crushed RCA concrete was not as affected by the RCA moisture condition 

as the industrial crushed RCA.  Though wetting the RCA did slow the rate of workability 

change, it was not as significant as the industrial crushed RCA and was not lower than 

the control at any time. 

It can be concluded from this study that RCA concrete pavements are not only feasible 

using mitigation techniques described, but are necessary to keep material costs down and 

stretch the supply of raw materials.  The aggregates used in the pavement base and 

structural layers are a limited resources that may run out in the next few decades if 

current and projected demand persists.  The demand is not likely to diminish, so the 

supply must be extended.  Pavements offer a use for coarse RCA from sources that 

contain higher quality aggregates.  This will lessen the burden on the natural aggregate 

supply so it may be used for high strength applications.  Though, this report does indicate 

that the RCA may be able to provide adequate higher strength if properly produced and 

prepared.  The United States construction industry must put into effect the recycling 

models already in place in other countries to ensure concrete materials will be available 

in the long term.  

9.1.1 Future Research 

Further research to correlate the volume of attached mortar to the plastic and hardened 

concrete properties. This area is already researched, however, no research was found that 

uses strictly industrial crushed RCA to model field conditions. 

9.2 Low Cement Content 

 

Concrete containing up to 60 percent fly ash replacement can reach strengths acceptable 

for use in pavement.  The twenty-eight day strength is comparable to the high cement 

content concrete.  Earlier strengths only differed by approximately 7 percent.  The high 

fly ash replacement rate would allow for considerable savings in material costs. 

 

The preliminary tests in this report indicate that lime softening residuals (LSR) may 

increase the rate at which the fly ash particles are hydrated.  The mechanism is assumed 
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to be an increase in availability of calcium hydroxide.  The higher strength seen in the 

Minneapolis LSR compared to other LSR sources indicates that calcium content and 

particle size are the largest contributing factors.  However, the aluminum, iron, or other 

element may be providing the additional strength.  The LSR concrete mix had a higher 

early compressive strength that the mixture with only fly ash replacement.  The LSR and 

fly ash concretes had essentially the same 28 day strength, however, which indicates that 

the LSR increases only the rate of hydration but not the overall strength.  This property 

would be significant since low early strength is the main concern for high volumes of fly 

ash in concrete. 

 

9.2.1 Future Research 

More testing is needed to isolate the effect of of LSR with fly ash.  These tests may 

include heat of hydration testing and the observation of hydration byproducts through a 

scanning electron microscope or other imaging method.  This will isolate the 

component(s) in LSR that are contributing to the increased early strength. 
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