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Synthesis Study On The Use O0f Concrete Recycled Pavements
: And Building Rubble In The Indiana EHighway System

Implementation Report

This report is a synthesis of the information on the use of
concrete recycled from pavements and building rubble for use in
the Indiana highway system. The information was obtained from a
review of published literature and recent unpublished reports and
the responses to a questionnaire distributed to many of the state

highway agencies regarding the use of concrete recycled from
pavements and building rubble.

Based on the results of this work, the following guidelines
were developed on the use of concrete recycled pavements and
building rubble in the Indiana highway system.

1. When feasible, the use of recycled concrete as aggregates in
concrete pavements should be allowed when it fulfills requirements
of natural aggregates.

2. In any project involving the use of recycled concrete the cost
of reprocessing of aggregate and removal of steel reinforcements
should be considered and, in addition, the savings in reduced
landfill use should be considered as well. In general, the savings
in landfill use should offset the cost of crushing, otherwise the
crushing process will not pay for itself and it becomes more
economical to use virgin aggregates.

3. A specific volume has not been found to insure that recycling
the existing pavement provides econonical benefits. Many factors
must be taken into consideration when dealing with recycling
concrete pavements, and in many cases, the decision may be left to
the contractor to decide whether to recycle.

4. In Indiana, most of the counties have at least one aggregate
source. These sources might not always be conveniently located
riear a project and at some point consideration has to be given to
how long these sources will be able to supply the aggregate.

5. Due to environmental concerns, in some urban areas, it is less
expensive and more environmentally acceptable to re-use the
concrete than to dispose of it. Therefore, when a concrete
pavement will be removed before a new pavement is placed, the
project is a prime candidate for recycling. The old pavement is a
source of aggregate in the new concrete, and the need and expense
of disposing the material removed can be eliminated. Further, if
the project is large enough for an on-site aggregate plant, the
materials' transportation costs are reduced.



6. From the literature reviewed, there was not a fixed dollar
amount determined that should determine the choice of recycling
when a pavement has to be replaced. The general consensus is that

each recycling job should be determined on a project-by-project
basis.

7. The use of recycled aggregate for concrete production is
expected to increase in the future as both the demand for road-

base material and the price of recycled aggregate is foreseen to
decrease.

8. To date, concrete recycling has been involved primarily with
the use of crushed pavement concrete as aggregate in new
pavements. It has been determined that recycled concrete can best
be used as a substitute for coarse aggregate only.

9. Crushed concrete can be used in many applications for the
recycled pavement. Examples of the applications are :

* Pavement applications: structural pavement, shoulder,
road surfacing, pavement base, gub-base, econocrete

* Non-pavement applications: fill, soil stabilizer

*» Flowable fill

10. The use of recycled fine aggregates should be carefully
monitored and should not be used for the development of medium to
high-strength concrete.

11. Fines should not be used in the sub-base, embankment under
abutments, and locations surrounding filters.

12. The quality of the recycled aggregates should be monitored to
assure concrete is not developed with more than negligible
contaminants. The allowable percentages of contaminants in
recycled concrete get by most states is the same as those set for
virgin aggregates and must meet standard specifications.
Generally, the recycled concrete has shown to be of acceptable
quality and can pass state specifications when mixed proportions
are processed properly.

13. when pavements on which salt has been used during the winter
months for de-icing purposes have been considered for recycling,
the contamination of the pavement due to the chloride content has
been questioned. Excessive chloride contents require expensive
chloride control measures, including the use of epoxy coated steel
bars instead of plain steel bars.

14. As long as plasticizing, air-entraining, and retarding
admixtures are used in quantities not exceeding manufacturers'
recommended dosages, the presence of chemical and mineral
admixtures in recycled aggregates has no significant effect on
slump, air content, or setting time of fresh recycled aggregate



concrete, or on compressive strength of hardened recycled
aggregate concrete.

15. The risks and liability of recycled concrete do not differ
very much .from those risks and liabilities associated with
concrete made with virgin aggregate.

16. The contaminant that gives the most concern is asbestos
which is a toxic waste and should not be combined in other
building demolition material. Another contaminant that causes
concern when mixed with other demolished material is lead paint
which 1is a hazardous material. Other contaminants include

chlorides, sulfates, and glass which can pose potentially serious
durability problems.

17. An expert system is being developed by J. Clifton and L.
Kaetzel at the National Institute for Standards and Technology in
Gaithersburg, Maryland, under SHRP contract C-206. The CONMAT
(Concrete Materials) and CONPAV-D (Concrete Pavements Diagnostics)
systems may be useful in gaining a better understanding of the
consequences and interactions of property changes for concretes in
trangportation. The CONMAT program covers recycling concrete and
gives recommendations on testing and the use of aggregate;
selection and testing of fly ash; and recycled mix designs. These
programs should be available in spring of 1993. A state agency
wishing to evaluate the CONMAT or CONPAV-D system should contact
Mr. J. Kaetzel.

Several recommendations are provided below for consideration by INDOT:

*+ Develop standard specifications, similar to those for virgin
aggregate and the Concrete Pavement Evaluation System (used by the
Minnesota DOT), to assure quality of the recycled material.

* Use a small section (less than 5 miles) that is in need of major
rehabilitation to test the process and at the same project use a
test section to compare the recycled concrete results with those
of conventional concrete.

*+ Select a location that is distant from a landfill and a virgin
aggregate source. Monitor the amount of excessive fines (below 2
mm} that enters the recycled concrete mixture or do not use
excessive fines for recycled pavement.

+ Monitor the progress of the recycled pavement by taking samples
of the pavement throughout the duration of the project in order to

make possible adjustments and evaluate the pavement through its
lifetime.

*+ Give special attention to mixture designs when recycled
aggregates are to be used in order to minimize cost while meeting
the requirements for concrete pavement.

* Use all of the tests mentioned in quality assurance to determine
the quality of the material.
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SECTION 1

INTRODUCTION

1.1 Background

Reconstruction of the nation's Interstate Highway System
has required many State Transportation 2agencies to make
difficult decisions about pavements. A basic decision is
whether pavement replacement would provide lower life-cycle
costs than either pavement rehabilitation or resurfacing. The
condition of the existing pavement and a consideration of both
past and future traffic loadings inflﬁence their choices.

Pavement replacement requires that the existing pavement
be removed and the removed material must either be recycled or
disposed of in a suitable fashion. In many instances the most
ecoriomical and/or suitable fashion will be to recycle the
concrete by utilizing it in components of the new pavement.

Other building debris pay have similar potential.

1.2 Objectives

The objective of this proposed research investigation was
to assess the suitability of using concrete aggregates that
are recycled from (1) concrete payements, and (2) building
rubble, fér use as a highway construction material (i.e. in
structural pavements, shoulders, base, subbase and subgrade in

pavements) in the State of Indiana.



1.3 Research Approach
The tasks necessary to adcomplish the objectives
included: |
. review available information on concrete recycling
use in highway construction and additional uses for

materials from building demolition;

. synthesis of the information that answers the study
objectives;
. reporting recommendations to the INDOT.

In order to evaluate the recycling alternative fer the
State of Indiana, it was desirable to investigate and discuss
the findings of other states. States with similar topography
and ciimate, ang w_ith recycling experience, were chosen.
Michigan, Iowa, and Illinois, all have experience with
recycling concrete hence, were used often to determine how

recycling concrete would benefit Indiana.



SECTION 2
TECENICAL FEASIBILITY

INTRODUCTION

This section describes the various aspects of technical
feasibility with regards to recycling. To begin, the
characteristics of recycled concrete are outlined, including
the volume, composition and relative proportions as compared
to conventional concrete. Required volume is then discussed.
This section also presents the types of recycling plants,
mobile and fixed, and the eqpipﬁent needed for separation in
both demolifion and crushing operations and the size the
concrete should be after crushing. This section presents
storage.and stockpiliné_considerations and problems. Lastly,
the scheduling for recycling projects is discussed, including

time required and the size of crew needed, '

2.1 General Characteristics of Recycled Concrete

The condition of the concrete to be recycled is a major
factor in the decision of whether to recycle. Recycling nay
degrade very high quality aggregates slightly, but Michigan
Department of Transportation (MDOT),'as well as other states!
DOTs, have found that recycling generally produces good
quality aggregate at high production rates.

Most demolished concrete can be processed to yield
aggregates for production of new concrete., However, recycled

aggregates are different from conventional concretes because



2,1.3 Relative Proportions -

The recycling of existing pavement will produce about 50
percent more recycled agéregate than is needed, to replace the
same section with a pavement of equal thickness. However, it
may not be advisable to use fine recycled aggregate less than
standard sieve No.8 for production of new concrete (Hansen,
1986). The use of fines in concrete will be covered in
Section 5.2.2. Results have shown that during crushing
approximately 70 percent coarse aggregate recovery can be
expected, and approximately 20 percent wili be lost to fines.

The remaining 10 percent is 1lost during the removal and

handling operations (Highway and_Heavy Construction, Feb.

1988).

Old pavement will provide more than enough coarse
aggregate for repaving. Crushing a 9~inch pavement provides
enough coarse aggregate to pave a new 1l0-inch pavement with
concrete shoulders on both sides (Arnold, 1988). When the six
lanes on 8.7 miles of the John C. Lodge Freeway in Detroit was
restored, recycling provided enough coarse aggregate for the
new pavement and half of the subbase coarse. When
récbnstruction needs to be done, it is evidént that recycling
can produce enough aggregate without having to haul in virgin
material from elsewhere. It can therefore alleviate the
aggregate producers' depletion of reserves and reduce energy
costs associated with hauling and the subseguent air
éollution.



2.2 Regquired volume

A specific.volume has not been found to insure that
recycling the existing pavement provide economical benefits.
Many factors must be taken into consideration when dealing
with recycling concrete pavements, and in many cases the
decision may be left to the contractor to decide whether to
recycle. .Projecté as small as 3 miles of improved road have
demonstrated the suécessful use of recycled concrete aggregate
to produce a smooth and durable pavement. The total cost per
Square yard to recycle and place pavement in this sgmall
project was slightly more than if using virgin aggregate,
Savings were realized in this project by not having to haul
the existing pavement_ to a landfill and haul in virgin

aggregate (Hoepfner,1984).
2.3 Types of Plants for Recycling

2.3.1 Mobile Plants
The main reason that mobile plants have been used on
certain projects is the efficiency of having the plant on the

site. There are several benefits to mobile plants:

. reduced transportation costs

. localized particulate emissions and noise
e simplicity in relocation for a large job

. time savings from not having to haul material

far away for recycling
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Most mobile plants produce about 300 tons of crushed
material per hour and some contractors find it easier to run
the plant 18 hours a day since it is located on the job.
According to Ray Gordon (1978), the plant can be set up in 4
to 6 hours and dismantled in about the same amount of time.
Improvements in technology have produced a portable one-piece
crushing plant that can travel to any job site, eliminating
the need for a crane for setup.

In Chicago, oné material company runs a regular concrete
recycling operation. Wrecking contractors dump old concrete
for a fee per trailer load and then a portable crusher moves
from sxte to site using the large stockpiles that have

~accumulated from various projects.,

2.3.2 Fixed Plants
Producers may consider investing in'reclaimed-recycling
systems for several reasons:
. steady increase in dumping fees
. shortage of landfills
. large amount of concrete being demolished
. shorfage of aggfegate,available in some areas
Contractors may purchase crushers and accept material
from various jobs to recycle. These contractors are
successfully able to produce enough recycled aggregate to make
the system profitable. New crushing machines combine the
crusher and feeder into a complete crushing plant at ground

level. The continuous crushers are offered today in the
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capacity range of 100 tons per hour to 2,000 tons per hour
with piece sizes up to 1.5 m being processed without any
difficulty (Snell, 1988).

Fixed plants have the advantage of being able to recycle
concretes from roads and buildings. These plants are
generally larger and able to produce more recycled aggregate

per hour, as compared to the mobile plants.

2.4 Equipment for Separation

Since the nation's first PCC highway recycling job in
1976, on a 1.4 mile project in Lyon cOunﬁy, Iowa, it has béen
obvious that the greatest need has been for a better method of
concréte_breaking s0 that (a) the slab would not be punched
into the subgrade, and (b) a well broken, uniformly-sized
product could be made at a satisfactory rate.

Pavement  removal ~ for recycled concrete can be
accomplished by wusing conventional removal methods.
Additional care must be exercised in cleaning the shoulder
material away from the pavement slab and in removing the
broken pavement to prevent excessive contamination by the base

- material (Lane, 1982).

2.4.1 Demolition

One of the most successful break-out tools is the
resonant pavement breaker developed in the United States.
This self-propelled machine employs a 12 ft. beam that

vibrates about 1.5-in., 44 times a second. The 50 ton machine
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normally advances at 150 to 200 fpm while crushing the slab
and almost completely separating rubble from steel rebars
(Highway and Heavy construction, 1987). One of the most
attractive features of the resonant breaker is that it does
not transmit any vibrations, therefore there would be no
damage to underground utilities or adjacent slabs. For large
jobs, it has been reported to work 5 times faster and at least
20 percent cheaper than conventional equipment (Roth, 1984).
For smaller jobs, such as a one mile project, contractors have
chosen conventional equipment, such as the Thumper, for
economic reasons. The Thumper, a double acting pile hammer
mounted on a trailer, covers about 150 to 200 sq. yd. per hour
(gignEgy;gng_ﬂggyx_ggnggxgg;ign, Feb. 1984). When there is an
inordinate amount of large pieces of broken concrete from the
grade, a wrecking ball is used to break these into a size that
the crusher can accommodate. For a list of different pavement
breakers see Roth (1984).

After the pavement is broken, a "rhino~horn" excavator is
used to separate most of .the steel for projects with concrete
reinforcement. Track-type excavators are preferred to wheeler
loaders because of the eliminated problem of wire mesh
puncturing tires. Workers can follow this operation with
 hydraulic shears, cutting ahd pulling out loose reinforcing
steel and putting it off to the side for pick-up and salvage.
Approximately 90 to 95 percent of the reinforcing steel can be
- removed this way (Hansen, 1986). Another simple conventional

method for separating wire mesh is by repeatedly shaking and
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dropping loads to the ground beforél finally 1loading the
hauler. Any remaining steel reinforcement is removed at the
crushing plant. After this, the broken pavement is loaded
onto trucks and taken to be stockpiled at a crushing facility.
Newer portable crushing plants can accept concrete containing
embedded rebar steel at 1§ percent of the total weight

(Rukavina and Mitchell, 1989).

2.4.2 Crushing Operation

Many types of jaw crushers, most with similar
characteristics and benefits are available. Jaw crushers can
reducelan average of 400 tons per hour of concrete rubble to
5-in. minus size before crusher fines ate screened out and
residual steel removed by electromagnets (Highway and Heavy
Construction, Feb. 1985). The presehce of steel reinforcement
in concrete does slow operations. Previously, breakdown of
the crushers or constaht réplacements of worn parts due to the
steel were problems, but now more advanced crushers can
continue normal operatibns even with the presence of steel.
More wire is shaken out durihq plant loading, and two magnets
retrieve the rest, with little hand picking required (Highway
and Heavy Constructjon, April 1984). Shakers in the crushing
operation are used to sort the crushed concrete into different
sizes of coarse aggregate. Figure 2.1 shows a.flow chart of

the production process.
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2.4.3 Other Removal

After primary‘crushing, dirt and other fine impurities
are eliminated by passing the crushed material over a set of
scalping screens and wasting of all material below a speéified
size. Other techniques, such as the wet classification
techniques, by which water Jets are used in combination with
a float-sink technique, are also used to remove lightweight
contaminants from heavier bulk material. Inclined vibrating
Screens were found to be most efficient in separating coarse
material.

Weather is another consideration in the removal process.
Contractors have limited the removal operations to dry weather
éonditions, S0 as to lessen the amount of subgrade that

adheres to the old pavement (Bergren, 1977).

2.5 Bize of Concrete After Crushing

General specifications_call for pavement material to be
crushed to pass through a 1.5-inch sieve. Processing.
equipment should include a screen so that excessively fine
material passing through the No. 8 sieve can be removed
(Bergren, 1977). Past experience suggests that when crushzng
the old pavement splitting should be requlred for the crushed
products at about the 3/8 inch screen size to facilitate the
control of mix proportions. Further statistics on the
percentages passing and sieve'sizes can be found in articles

by Hansen, 1985; F.R. Van Matre, 1989; and W.A. Yrjanson, 1981,
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2.6 Btorage and Stockpiling

2.6.1 Considerations

As mentioned above, separating the crushed products has
been shown to be very important. The separation is between
material larger and smaller than the 3/8~inch screen size.
The c¢rushing operation separates these materials, with
approximately 60 percent to 65 percent coarse fraétion
retained on the 3/8-inch and 35 percent to 40 percent minus
3/8-inch material (Halverson, 1982). Stockpiles should be
made for each material size so that mixture designs can be
assured that the proper recycled aggregates are not being
ﬁixed.with aggregates of other size fractions. The stockpiles
should be covered as suggested by standard speéifications, as
to limit the influence of the weather on the water content
and to avoid dust and other small particles mixing with larger

size material (Lane, 1982).

2.6.2 Problems

When considering the storage'and stockpiling of concrete,
problens cah arise when recycled aggregates from different
sites are stored together. Difficulties have been found when
medium-strength and high-strength concrete are produced from
recycled aggregates of non—uniform quality. The large
variations of compressi&e strength test results, which can be
expected for such concretes, will make it difficult and

uneconomical to meet statistical compliance criteria in modern
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concrete codes when the mixed designs are being produced. For
this reason, it has_been suggested that the aggregate be
separated according to the gquality of the material before and
after it has been crushed. This way, more control can be
maintained when producing the concrete to assure that the

specifications required are followed.

2.7 8cheduling for Recycliﬁg Projects

On recycling projects, it is necessary to have complete
coordination between the processing of the coarse aggregate
and the production of the concrete paver, The aggregate
processing plant is the key item in a recycling project . For
example, during the recycling project on I-94 in Michigan the
aggregate plant was run one shift for the first half of the
Job and two shifts for the second half of the job to
Icoordinatg with the production of the paver (McCarthy, 1985).
This is another reason it is beneficial to have a mobile plant
at the project, so that control and coérdination can be
simplified.
| As with any highway rehabilitation project, the
‘scheduling for a recycling project should be done at a time

when the amount of traffic is as minimal as possible.

2.7.1 Time Requirement
The amount of time that is required to do the actual
breakout and recycling varies from project to project,

depending on the number of shifts or hours worked per week.
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On the I-94 project in Wisconsin, it was possible to crush and
screen two miles of 9~inch, 24 foot wide pavement per week on
two shifts. In order to minimize the amount of travel time
required on. large projects with mobile plants, the plant is
usually moved several times during the project (Highway and
Heavy Construction, May 1985).

2.7.2 Crew Bize

Most crews work 10 to 12 hour days during the
construction period. There is usually a crew of S at the
crushing plant, working 10 hour days (Highway and Heavy
. Constructjon, May 1985). Crews range from 30 to 100 workers,
depending on the size and stage of the project. Some
projects, due to traffic considerations, have crew'working 4

days at 12 hours and then a 1/2 day on Friday (Highway and
Heavy Constructjon, Sept. 1984).
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SECTION 3

ECONOMIC FEASIBILITY

INTRODUCTION

This section butlines the various components of the
economic feasibility of recycling concrete pavements.
Included in this are the cost of disposal, cost of recycling,
savings, and maximum cost of recycling. Further details will
be provided for the coét of recycling to explain the crushing
and handling, start up, and sale costs. The savings will
compare the cost of the recycling option, as opposed to
conventional practice, show where aggregate sources are
located in 1Indiana, and discuss the e.nergy benefits of

recycling concrete pavements.

NOTE ABOUT COSTS:

The following sub-sections include many prices to
demonstrate the economic feasibility for recycling. 1In order
to 'provide' comparable costs, the dollar amounts for the
various recycling activities were converted to 1990 doilars by
use of the Price Trends for Federal-Aid Highway Construction,
published by the PFederal Highway Administration; Publication
Number FHWA-PD-91-009. The price was converted from the given
year to 1987 (the base year) and then to the annual price for
1990. An attempt to convert the dollar equivalent between.
states was not méde because of the inaccuracy that would

likely happen. Many of the projects occur away from large
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cities, from which data can be converted, so the interpolation

would not be accurate.

3.1 Cost of Disposal

The cost of hauling ﬁéterial to a 1landfill can be
excessive if the landfill's 1location is remote. When
recycling is not wused, there is generally twice the
transportation cost, because it is not only necessary to
transport the new aggregate to the site, but also to haul the
old aggregate to a landfill. A major transportation cost
arises when it is necessary to transport rubble to a landfill
that is greater than 50 miles away, which has been found not
to be uncommon in nearby Chicago. |

| Dumping fees add to the mileage and time costs, when
considering the cost of disposal. The dumping fee ranges from
about $3.00 pér cu. yd. in Michigan's urban areas to $20 per
cu., yd. in Washington D.C., and $7.50 per cu. yd. in Chicago
(Highway & Heavy Copstruction, Feb. 1982).

When the Edens Expressway, in Chicago, was rehabilitated
using recycling, it eliminated the cost of disposal of 350,000
tons of pavement rubble and provided material for the porous
granular backfill and a granular base material.

In some Michigan cities commercial crushing sources
accept the rubble without charge. This appears to be a'good
way to initiate a commercial crushing business, since smaller

contractors lacking'the recﬁcling‘equipment can buy from these
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sources, thus the saving of valuable resources is encouraged,

as well a reduction in the amount of material landfilled.

3.2 Cost of Recycling

The Michigan DOT estimates that recycled aggregate costs
about the same as virgin aggregate for concrete pavements.
This includes the cost of disposing of old pavement if new
aggregate is used (ENR, Feb. 1988). Michigan would appear to
be a reliable source to cbtain expected costs for Indiana, due
to its similar characteristics in weather, topography, and
close proximity.

According to an article in Highggz_g_ﬂgggy_gggg;;gg;igg
(February 1982), the total cost:of recycling concrete coarse
aggregate, in Mighigan, has been from $4.25 to $4.55 per ton.
In Iowa and Minnesota such costs have been lower, becausé of
the greater experience of the contractors, larger quantities
of recycled material being used, and a wider variety of uses
for recycled material. For these reasons, Indiana can expect
the cost of recycling concrete tb be higher than other states

until .the Indiana contractors become familiar with the

process.

3.2.1 Crushing and Handling

The crushing and handling operation consists of removing
and salvaging the existing concrete pavement.in a manner which
disrupts the underlying existing subbase as 1little as

possible, transporting the salvaged material to a stockpile



21

site, and crushing the material to meet gradation
specifications for concrete aggregate. The specifications
usually follow the quidelines set by the state.

In the survey sent to the various states DOT's, Iowa
reported crushing to cost $8.00 per ton while Nebraska quoted
$10.40 per ton. The cost for removal of nearly 156,000 sq.
yds. of pavement was given as $6.05 per sq. yd. for a job in
Iowa (Chase, 1985). The removal and crushing of 1.5 miles of
pavement on U.S. 75, during 1979 in Iowa, cost nearly $10.60

per sq. yd. (Bergren, 1977).

3.2.2 start Up Cost

Production equipment is now available to allow the
effective use of recycling, and cost benefits of ten percent
or more are being reported (Anon, Jan. 1989). The cost of

setting up a portable crusher will total $7500 (Highway &

Heavy Construction, Feb. 1982). This is minimal compared with

off-site handling. _

Frondistou-Yannas estimated in 1977, that the initial set
up cost is assumed to be 15% of the ﬁurchasing cost for the
equipment. In 1984, McCarthy and MacCreery estimated the cost
for crushing plant, for a recycling job in Michigan, to be

approximately $1.5 million (1985} .

3.2.3 Bale Cost

The price for recycled aggregate was calculated to be

$3.92 per ton according to Frondistou-Yannas and Itoh (1977).
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A Houston contractor who crushed and sells concrete rubble for
roagdway base,.sells recycled concrete material at his plant
for about $2.20 a ton less than the cost of virgin material
(Munn; 1988).

Besides the sale of recycled aggregate, other material
from recycling pavements can be sold. For example, a Michigan
contractor sells salvage steel at about $40 per ton to help

offset his costs for purchasing and maintaining the recycling

equipment (Highway & Heavy Constructjon, Feb. 1982).

.3.3.8avings

Recycling has begun to demonstrate cost savings over the
use of new maferials for major maintenance and rehabilitation
of pavements. The Federal Highway Administration estimates
the pavement industry generated $105.5 million in savings
using recycled materials in 1985 (Anon, Jan. 1989).

The'savings for recycling pavements are realized after
'contractors have experience with recycling. Hany.states did
not find notable savings during their "“test projeqt“, but
after working with the recycling of'concrete, they found
potential for savings. Most of the projects where the
greatest amount of savings were encountered were sites far

from virgin aggregate sources and landfills.
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Table 3.1 is a summary of various recycling projects and

the savings realized by using recycled concrete:

Table 3.1 Recycling Savings by State

STATE SAVINGS (in dollars)

North Dakota 35~50,000 per mile of 4-lane
Minnesota (US-59) - over 44,000 per mile of 2-lane
Michigan 50-60% of the cost for buying

new aggregate

Oklahoma 90,000 per mile of 4-lane
Towa (I-680) - nearly 7,000 per mile
Iowa (Rt-20) 115,000

3.3.1 Comparison

A comparison of costs for recycling portland. cement
concrete as opposed to conventional concrete paving was
assembled by personnel in the Mn/DOT Estimating Unit for the
project on U. 8. 59, a 16-mile segment which had "D"-cracked
concrete pavement. Table 3.2 is taken from the study on the
project (Halverson, 1982). An additional table (Table 3.3) is
included for the eemparison of savings using the recycling

option as opposed to the conventional method.



Table 3.2

Cost saving of recycling concrete on U. §. 59

(from Halverson, 1982)

- (TEM QUANTITY RECYCLE COST CONVENTIONAL COST
Remove Concrete Pavement | 229,170 sq. yds. $401,047
Salvage Concrete Pavement, | 229,170 sq. yds. $595,842
Crush and Stockpile i )
Stabilizing Aggregate 24,238 Tons 360,595+
Class 3 Shouldering* 23,114 Tons $57,785*
Class 5 Shouldering* -21,238 Tons $53,095+*
Recycled Structural Concrete [ 52,165 sq. yds. $1,289,950 |
Recycled Structural Concrete 963 cu. yds. $28,890
(high-early strength)
{ Standard Structuri(_‘,‘oncrete 1,308/53,959 cu. yds. $51,954 $2,077,422
Standard Structural Concrete 31/994 cu. yds. $1,395 $43,736
(high-early strength) :
TOTAL $1,968,03 $2,693,680

. Portion of Class for which recycled material was available

** Differential cost between recycled material and natural aggregate from a gravel pit

144
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Table 3.3 is a comparlson of the cost of aggregates
produced from reclaimed PCC pavement to the cost of virgin

aggregate (after Anon, 1989)

Table 3,3 ;-
State Project | Year | Miles | coarse Fine | pcec
N. Dakota I-94 | 1983 12 | s14.00 11.00 | $3.32
N. Dakota I-29 | 1983 11 12.00 - 6.75 | 8.65
N. Dakota I-94 | 1984 13 13.00 11.00 | 6.33
Wisconsin | o 4.50 6.75
Wisconsin | 5.50 ‘ 4.00
_JJ

=rgfniggregate Processed

Cost ton

3.3.2;Loca£iens in Indiama of Aggregate |

A map from the Division of Materials-and Testing, of the
I_NDOT ¢an be made available, show:.ng approved aggregate
sources 1n51de and borderlng Indiana. Because many of the
sav1ngs from the prev1ous examples were from pro;ects
generally located away from major aggregate 51tes, it is
necessary to determlne the closest aggregate slte for a
prOJect:locatlon, when con51dering recycllng of pavements 1n
Indiana. Know1ng the location of the nearest .aggregate
source, .a cost evaluation can be made to determine the

possible benefits of recycling,
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3.3.3 Energy

Energy expenditure can vary considerably depending on the
location of.the crushing plant, concrete plant, waste sites,
haul distances, etc. and must be considered on a project-to-
project basis.

The Connecticut DOT completed a detailed study of the
energy requirements fdr recycling aggregate concrete for a one
mile project_on Interstate Route 84 in the Town of Waterbury.
- This study can be found in Construction of a Recvycled Portland
Cement Pavement, September 1980 (Lane, ConnDOT) .

The result of the energy considerations are:

. Total energy required for 1 cu. yd. in place
using the conventional method = 2,119,846
BTU/cu..yd.

. Total energy required using the recycled

method was 2,168,357 BTU/cu. yd.

For the same project the savings of natural resources due
to recycling of portland cement concrete for each cubic yard

of material used are:

Quantity Percent Savihgs
Coarse Aggregate 2064 lbs/cu.yd. 100%
Fine Aggregate 278 1bs/cu.yd. 26%
Energy savings 18,962 BTU | 1%
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Halverson (1982) reported on the 16-mile recycling
project in Minnesota that the material production for recycled
concrete would require more energy than materials production
for conventional concrete. However, thé energy reguirement
for transportation of construction materials was less for the
recycling option than for the conventional paving. This

amounted to a savings of 65,300 gallons of gasoline.

3.4 Maximum Cost of Recycling

One of the main criﬁeria ‘that has been given for
determining the maximum cost of recycling is that the cost of
the recycled aggregate should be about half of the cost of
virgin aggregate or less (Roth, 1984). Frondistou-Yannas
(1977) arrived at thé same conclusion and found that recycled

aggregate will be in great demand

. in areas where natural aggregate is 1ocaily
unavailable
. in areas where natural aggregate, even though

available, is in insufficient quantity to meet the
demand

. in areas where the quantities of concrete debris
generated annually are large enough to permit
economies of scale and therefore prices of less
than $3.30 per ton for the aggregate c¢an be
realized (Roth, 1984). |

It has been found that, on average, thét 0.27 tons of

concrete rubble per capita are generated each year in the U.S.
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To realize economics of scale a plant should process at least
110-275 tons of débris per hour. In addition, to produce a
reasonable return on investment, the plant should process and
sell no less than 200,000 tons of recycled aggregate per year
(Hansen, 1986). Stone produces Mike Larson, while speaking at
the National Stone Association's 1989 convention, determined
that most recycling jobs amount to about 10,000 to 15,000
tons, and that a good year would'produce about 120,000 to
150,000 tons of recycled material. Most contracts for big
jobs range froﬁ 60,000 to 70,000 tons (Rukavina, 1989).

The value of recycled aggregates vary greatly throughout
the country. Local savings in water costs through recjbling
also vary substantially, as do labor costs involved in the
ocperation. Thus it is necessary for each producer to
determine how a recycling plan'fits into his balance sheet.
Many are finding.that the high—first-éost equipment pays for
itself in a reasonable period (Concrete cConstruction, apr.
1986). It is difficult to put a dollar figure ont he maximum
cost of recycling because the final selection ultimately might
be decided by non-cost factors, such as the experignce of
local contractors, time schedules, and shortage of landfills,
and conservation of resources. From the literature reviewed,
there was not a fixed dollar amount. determined that should
determine the choice of recycling when a pavement has to be
replaced. From the surveys received from the various DOT's,
the general consensus was that each recycling job should be

determined on a project-by-project basis.
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SECTION 4
ENGINEERING PROPERTIES

INTRODUCTION

This section discusses various types of engineering
properties involved with recycled concrete. First, the types
of tests and limits used are outlined, including properties
and mixture design of fresh recycled aggregate, mechanical
properties and durability ©f hardened concrete, Next, the
relationship of old concrete to recycled aggregate is
described with regards to cracking and surface distress, and
friction testing. Finally, the mixture design is discussed.

Note: The performance, with regard to engineering

properties, of using any recycled material will

have the same performance as any conventional

aggregate being used. That is, conventional

concrete aggregate will vary in their properties

and effects the same way recycled aggregate will
Vary. . )

4.1 Types of Tests and Limits

Many agencies are beginning to accept recycled aggregate
~ concrete pavement as. a routiné aggregate, rather  than
requiring special testing of it as aggregate. Some state
highway agencies have developed their own specifications for
recycled aggregate concrete. in pévements. Indiana
specifications can be found in Section 10.

A table at the end of each sub~section summarizes the

basic impact each property has on recycled aggregate concrete.
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4.1.1 Properties and Mixture Design of Fresh Recycled
Aggregate Concrete:

Free-water requirement: According to the Wisconsin DOT
survey, there is no major change in water demand for
concrete made with recycled concrete aggregates, but
absorption and stockpile moisture contents are higher
than for virgin aggregate.

According to Hansen and Narud _(1983), recycled
concretes have an approximately 5 percent higher free
water requirement, compared to otherwise identical fresh
concretes made with natural gravel.

Workability: The Iowa DOT suggests that 30 percent of
the tota; aggregate be natural sand in order to improve
the workability, which -agrees with a study done by
Forster (1985). The Wiscongin DOT mentioned that the
workability is better with proper proportioning of sand.
Illincis added small amounts of'natural sand end fly ash
| to improve the werkability for the eoncrete mix on a 4.14
mile section of I-57 (Van Matre and Schutzbach, 1989).
Hinnesota requires the use of fly ash at 15 percent
: replacement in the concrete mix (MinnDOT questionnaire).

Nixon (1978) found it possible to achieve equivalent
workability at a lower water/cement ratio by using water
reducing admixture. He observed that mixes containing
crushed concrete as both coarse and fine aggregate had a
lower elump and higher cement content thap the control
mixes. More informatioh can be found in articles by

Ravindrarajah, 1985 and Rasheeduzzafar, 1984.
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Density and air content: The non-entrained air content
of recycled aggregate concrete may be slightly higher
~than that of control concretes made with conventional
aggregate. The dénsity of recycled aggregate concretes
iz lower than a control mix of virgin materials.
Reduction in density may vary from less than 5 percent to
more than 15 percent. It is possible to produce recycled
aggregate concrete in the laboratory with no significant
increase in air content and less than 5 percent lower

density, compared with control mixes.

Cement content: For the 1.4 mile project in Lyon
County, Iowa, the cement content was approximately 12
percent by volume. According to Hansen (1986}, at least
15 percent more cement would be required if new concrete
is produced with both coarse and fine recycled aggregate.
Hoﬁever, in reality much moré than 15 percent extra
cement may be required to maintain the same compressive
strength as conventional concrete, when both coarse and
fine recyclead aggregates are used. This is because fine
recycled aggregate in itself is known to lower concrete
strength by up to 50 percent (Hansen, 1986).

Hansen (1986) concluded that recycled aggregate
concrete made with recycled aggregates always requires
more cement than conventional concrete to obtain

equivalent slump and strength. Also, it is uneconomical
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in terms of cement consumption to use fine recycled

aggregate in concrete production.

Free water-cement ratio: The basic water-cement ratio
rule, which is fundamental to all concrete mix design,
applies without modification to all types of recycled
concretes. Only the level of strength may in some cases
be lowered for recycled aggrégate concrete than for
conventional concrete (Hansen, 1986).

See Table 4.1 for a comparison of the properties and

effects discussed above.

Table 4.1 Effects of Using Fresh Recycled Aggregate Instead

of Natural Aggregate

PROPERTY

EFFECT

Water requirement

Increased

Workability

Decreased (1)

Density

- Lower

Air content

Slightly increased

Cement content

Increased

Free water-cement ratio

Preferably lower

(1) It is possible to increase this under certain conditi

ons
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4.1.2 Nechanical Properties of Recycled Aggregate Concrete
Additional information and detailed tests concerning the

mechanical properties of recycled aggregate concrete are

reporced by Rasheeduzzafar and Khan (1984), and Ong and

Ravindrarajah (1987).

Compressive strength: Hansen and Narud (1983) found,
when other factors are essentially identical, that the
compressive strength of recycled concrete is largely
controlled by the water-cement ratio of the original
concrete. If the water—cement ratio of the original
concrete is the same as or lower than that of the
recycled concrete, then the new strengths will be as high
as or higher than the original streng‘ths.

Hansen and Narud (1983) ‘also found it possible to
make recycled aggregate concrete with a water-cement
ratio of 0.40 having a 4930 psi compressive strength both
after 14 days of standard curing and after 38 days of
-accelerated curing. This concrete used recycled
aggregate from an original concrete with a water-cement
ratio of 1.20, having a compressive strength of 2030 psi
at crushing. This confirmed earlier results by Buck
(1977) which showed that it is possible to make recycled
concretes which are stronger than corresponding original
concretes from which the recycled aggregates are derived.

Rasheeduzzafar (1984) attempted to produce high~

strength concrete (5800 psi or higher) from medium-
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strength (3335 psi) coarse recycled aggregate. He found
the strenéth.of recycled aggregate concretes to be lower
than that of corresponding control concretes made with
the same water-cement ratio. But with natural aggregate
the. strength of such control concretes exceeded the
strength of the original concrete (3335 psi).

The highest compressive strength obtained for a
recycled aggregate concrete was 8875 psi, which had a
water-cement ratio of 0.40, was made using high-strength
original and coarse recycled aggregate, reported by
Hansen and Narud (1983).

When recycled aggregate concrete is made with coarse
and fine recycled concrete, the strength has been found
to be 1ﬁ-20 percent lower fhan the strength of a
corresponding recycled concrete made with coarse recycled
aggregate and 100 percent natural sand (Hansen, 1986).
The Michigan DOT has limited the allowable amount of
recycled fines to 25 or 30 percent of total sand on
interstate highway rehabilitation projects and plan to
completely prohibit the use of recycled fines on sone

future work.
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Table 4.2 shows the "compressive strength of original and

recycled aggregate concretes after 38 days of accelerated
curing. Symbol H/M indicates a high strength recycled
concrete with coarse aggregate produced from medium-strength
concrete, etc." (from Hansen and Narud, 1983).

Table 4.2 Compressive Strength of Original and Recycled

Aggregate Concretes, in psi

H/M H/L | M/H M/M | M/L L/H L/M L/L

8874 | 7149 | 5017 | 5090 | 4785 | 3900 | 2146 2103 | 1943

8802 1972

ﬁ8787 1856
-~ e

Modulus of elasticity: Due to the large amount of old

mortar with a comparatively low modulus of elasticity

- which is attached to original aggregate particles in

recycled aggregates, the modulus of elasticity of
recycled aggregate concretes is always lower than that of
corresponding control concretes made with conventional
aggregate.

Frondistou-Yannas (1977) found up to 33 percent

lower modulus of elasticity for recycled aggregate

~concretes made with coarse recycled aggregate and natural

sand, compared to the modulus of elasticity of
corresponding control concretes made with conventional

aggregate.
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Gerardu and Hendriks (1985) report a maximum of 15
percent lower modulus of elasticity of recycled aggregate
concretes made with coarse recycled aggregate and natural
sand compared with corresponding conventional concretes.
When the sand was also replaced with crushed concrete
fines, a maximum of 40 percent reduction in modulus of

elasticity was observed.

Damping_oapacity;. The damping capacity is an intrinsic
property which causes vibrations in a specimen to
decrease in amplitude even when the specimen is isolated
from all sources of energy loss. The most.common way of
expressing. the damping capacity is in terms of
logarithmic decremen£; which corresponds to the measure _
of the decrease in amplitude of  free vibration
(Ravindrarajah, 1985).

Ravindrarajah and Tan (1987) found the damping
capacity expressed in terms of the logarithmic decrement
to be between 16-23 percent higher for recycled aggregate
concrete than for conventional control concretés‘ . The
damping capacity for both types of concrete increased

with the decrease in compressive strength.

Creép: Creep of concrete is proportional to the content

of cement paste or mortar in concretes.
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Ravindrarajah and Tam (1987) found creep of recycled
aggregate concretes made with coarse raecycled aggregate
and natural sand to be 30-60 percent higher than the
creep of conventional control concretes.

It can be expected that the creep of recycled
concrete could be larger if such concretes were produced
with both fine and coarse recycled aggregate (Hansen,

1986).

Drying shrinkage: Wesche and Schulz (1982) found drying
shrinkage of two recycled aggregate concretes made with
coarse recycled aggregate and natural sand to be 40
percent larger than drying shriﬁkage of contrecl concretes
made with conventional aggregates. This is not
surprising considering that the recycled aggregate
concretes contained 50 percent more mortar than control
mixes, and that drying shrinkage increases with the
contents of cement paéte or mortar in a concrete.
Hansen énd Boegh (1985) found that when both coarse
and fine aggregates ére used, drying shrinkage of
recycled aggregate concrete is somewhat higher, perhaps
70 percent higher, than shrinkage of corresponding
control concretes made entirely with conventional

aggregates.

Tensile and flexural strength: Ravindrarajah and Tanm

(1985) found the indirect tensile strength of recycled
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aggregate concrete made with coarse recycled aggregate
and natural sand not to be significantly different from
that of conventional concrete. However, when coarse and
fine recycled aggregates were used, the tgnsile strength
of recycled aggregate concretes was as much as 20 percent
lower than that of conventional concrete.

‘Ravindrarajah and Tam (1985) found no significant
difference in flexural strength of conventionél concrete
and recycled aggregate concrete made with coarse recycled
aggregate and natural sand.

In Hansen's 1986 report, he refers to two sources
which contradict the findings of Ravindrarajah and Tam
(1985) and also refers to two other sources which support

the findihgs above;

Abrasion resistance: Hansen and Narud (1983) found Los
Angeles abrasion loss percentagés ranging from 22.4
percent for coarse recycled aégregate from a high
‘strength original concrete, to 41.4 percent for coarse
fecYcied'aggregate from a low strength original concrete.

According to ASTM designation C-33, "Standard
'Specification for Concrete Aggregates", aggregates may be
used for production of concrete when the Ios Angeles
abrasion loss percentage does not exceed 50 percent.
Crushed stone for road construction purposes is usually

requiréd to have L.A. loss values not exceeding 40

percent,
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Hansen (1986) concluded that recycled concrete
aggregates produced from all but the poorest quality
concrete can be expected to pass ASTM requirements for

the L.A. abrasion loss percentage.

Cracking and Surface Distress: In the Connecticut DOT
Final Report for I-84 near Waterbury (1986), it was
s‘tated that there were greater amounts of cracks in the
recycled section than in the contrel section. It was
suggested that the addition of the crushed, recycled
concrete which replaced some of the virgin aggregate,
might have raised the average ccefficient of thermal
expansion slightly and cause increased stresses in the
pavement. In this connection, it is has been determined
that, under certain conditions, hardened cement may have
a coefficient of expansion at least twice that of
tréprock. Thé crack_'development on the recycled sectiocn,
has, with some exceptions, been at its maximum during the
winter seasons.

The largest amounts of distress were found at or
near the ends of the sections. There is also end
cracking on the control sections, but considerably less
pronounced than those on the recycled 'sections (ConnDOT,

1986) .

Friction Testing: From the Connecticut DOT Final Report

for I-84 near Waterbury (1986), studies showed a slignht
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decrease in the skid resistance number, when comparing
the recycied section to the control. There was a
pronounced seasonal wvariation in friction. This is
common on heavily traveled bituminous concrete pavements,
but was not seen previously on PCC surfaces in the state.
Skid numbers on bituminous pavenents were also found to
vary on a short-term basis.

Table 4.3 summarizes the effects discussed above.

Table 4.3 Effects on Mechanical Properties When Using

Recycled Aggregate Instead of Natural Aggregate

m—
PROPERTY EFFECT
Compressive Strength Reduced (1)
Modulus of elasticity - | Reduced
Drying shrinkage' | Increased
Creep | Increased
Damping capacity ' Increased
Tensile & flexural strength Same or lower
Abrasion resistance Same or lower
Cracking and surface distress | Increased

e —————————— —
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4.1.3 Durability of Recyeled.canrete

Frost resistance:  Malhotra (1978) and Buck (1977)
compared frost resistance of original and recycled
aggregate concretes, which weré produced with a variety
of water-cement ratios. Neither of the two authors found
the freeze-thaw resistance of recycled aggregate concrete
to be significantly lower than that of corresponding
control concretes, and in many cases it was higher.

In the survey- from the Minnesota DOT, it was
suggested, after having done studies, that fly ash be
required for concrete made with recycled concrete

aggregates, for dealing with the freeze-thaw resistance.

Carbonation, chloride penetration and reinforcement
corrosion: It was found that the rate of carbonation of

| a recycled aggregate concrete made with recycled
aggregate from concrete which had glready suffered
carbonation was 65% higher than that of a control
concrete made with conventional aggregate. Rust was
observed after two months on reinforcement bars with 2-3_
cm 6f cover (Hansen; 1986).

Reinforcement in recycled aggregate concrete may
corrode faster than reinforcement in conventional
concrete. The_increased risk of corrosion can be offset
by producing recycled concrete with a lower water-cement
ratio than conventional concrete. These conclusions are

supported by Rasheeduzafar and Khan (1984).
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Alkali-aggregate reactions: Alkali-silica reaction
should not be a problem with recYcled concrete pavement
in Indiana. One should be aware that it can be a concern
with recycled material which containslglass or material
of similar composition. These materials should not be
used in concrete.

Permeability and water absorption: According to Hansen
(1986), the rate of most kinds of concrete deterioration
depends on concrete permeability; This is because water
abgorption is directly related to permeability .of
hardened concrete, and penetration of water into concrete
is required for most deterioration mechanisms to be
effective (Hansen, 198¢).

Rasheeduzzafar and Khan (1984) found that there will
be no significant difference between the water absorption
(and thus presumably permeability) of recycled aggregate
concretes and corresponding cont:ol concretes made with
conventional aggregate. This is true when such concretes
are produced wifh .water-cement ratios higher (and
therefore lower compressive'strengths) than that of the
original concrete from which the recycled aggregate is -
derived.

However, the situation.is different when recycled
aggregate concretes and corresponding control concretes
are produced with water;cement ratios lower than that of

the original concrete from which the recycled aggregate
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is derived. In such cases, water absorption of recycled
aggregate concretes may be up to three times that of the
corresponding'conventional concretes (Rasheeduzzafar and
Khan, 1984). The studies done by Ravindrarajah and Tanm
(1985) support the previous findings.

It appears that the low strength and correspondingly
high water absorption (and thus presumably the high
permeability) of the recycled coarse aggregate could be
' compensated for by producing recycled aggregate concretes
with 0.05 to 0.10 lower water-cement ratios than
conventional concretes. If the original concrete had
been produced with a lower water-cement ratio and thus a
higher strength, it is evident that less of a decrease in
water-cement ratios of recycled aggregate concretes would
have been required to achieve equal water absorption in
recycled aggregate concretes and corresponding control
concretes (Rasheeduzzafar and Khan, 1984).

Table 4.4, on the next page, summarizes the effects

discussed above.
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Table 4.4 Effects on Durability when Using Recycled Aggregate
Instead of Natural Aggregate

S — ——r———m
PROPERTY EFFECT

Frost resistance Increased (1)
Carbonation Increased
Chloride penetration Increased
Reinforcement corrosion Increased -

Alkali-aggregate reactions Decreased

Permeability and water | Depends upon water-cement

absorption ratio, can have no effect

SR T = e
‘(1) Supported by Minnesota's findings

4.2 Mixture Design
In prihciple, the mixture design of recycled aggregate
concrete is no different from the mixture design of
conﬁéntional concrete, and the same mixture design methods can
be used. 1In practice slight modifications are requiréd.
According to Hansen (1986) the following are
modifications that would be necessary.

(1) In order to determine a target mean strength on the
basis of a required characteristic strength, a
higher standard deviation must be employed when
designing a recycled aggregate concrete made with
recycled aggregates of variable quality than when
recycled aggregate of uniform quality or
conventional aggregate is used.

(2) At the design stage, it may be assumed that the free



(3}

(4)

(5)

(6)

(7}

(8)

The
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water-cement ratio for a required compressive
strength will be the same for recycled concrete
aggregate as for a conventional concrete when coarse
recycled aggregate is used with natural sand. If
subsequent trial mixes show that the compressive
strength is lower than assumed, an adjustment of the
water-cement ratio must be made.

It can be assumed that for the same slump, the free
water requirement of recycled coarse aggregate
concrete is higher than for conventional concrete,

A maximum recycled aggregate size of 16-19 mm may be
required for reasons of frost resistance.

Because of the higher free water requirements of
recycled concrete mixes, the calculated cement
contents will be somewhat higher for recycled
aggregate concretes than the cement contents for
corresponding conventional concretes.

Mixture design must be based on the measured
density of recycled aggregate at hand.

When estimating the ratio of fine to coarse
aggregate, it can be assumed that the optimum

- grading of recycled aggregate is the same as for

conventional aggregate.

It is imperative that trial mixes should be made in
order to adjust the free water conteént necessary to
obtain the required slump, the water-cement ratio
necessary to obtain the required strength, and the
ratio between fine and coarse aggregate necessary to
achieve the best economy and the cohesion of the
fresh mix. Larger deviations can be expected for
recycled aggregate concretes than for conventional
concretes. :

Iowa DOT, Utilizing Recycled Pavement (1977),

determined that the objective of the mixture design was to

utilize the total crushed material in such a way so as to

obtain a satisfactory portland cement concrete mix which could

be placed with a slip form paving machine.

Studies were conducted using materials from a project

that was being considered for. recycling, to determine the

feasibility of producing a satisfactory concrete. Using this
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material, mixes were made and tested in the laboratory. After

evaluation, it was determined that satisfactory results could

be obtained and the project concept should continue. A

detailed report of their findings can be found in reference 8

(Bergren (Iowa DOT), 1977).

An example of one of the successful mixture designs is

shown below, which was used in Iowa on a 1.4-mile section.

Batch Weights :

Cement
Crushed concrete-coarse aggregate
Crushed concrete-fine aggregate

Sand-fine aggregate

Basic absolute volumes :
Cement
Water
Air
Crushed concrete~coarse aggregaté
Crushed concrete-fine aggregate

Sand-fine aggregate

626 1b. per cu. yd.
1145 1b. per cu. yd.
613 1b. per cu. vd.
876 1lb. per cu., yd.

0.118330
0.182217
¢.060000
0.287754
0.154944

0.196755
1.000000

The results of this mixture design were:

Compression
4350 psi at 7 days

5510 psi at 28 days

Flexure

702 psi at 14 days
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SECTION 5

END USES

INTRODUCTION
The following section will cover various applications

using recycled concrete, the use of concrete fines, and the

use of non-concrete components.

5.1 Applications

Pavement construction requires a large amount of
aggregate during constructidn and for .rehabilitation. Crushed
concrete can be used in nearly any instance where a normal
aggregate would be used, although some may pose quality
problems that would preclude their economic use. To date,
concrete recycling has been involved primarily with the use of
crushed pavement concrete as aggregate in new pavementé
(Kreijger, 1980).

Buck (1973) determined that recycled concrete can best be
used as a substitute for coarse aggregate only. Through the
years and after many studies, recycled aggregate has proved
its ability to meet swcifications in other uéés. The major
concern with using recycled concrete in any application is
that the test results, with the recycled aggregate, indicate
acceptable strength and durability.

The use of crushed concrete as aggregate in new pavement
construction is accelerating rapidly. As described below,

crushed concrete can be used in many applications for the
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recycled pavement. Examples of the applications are also

given.

$.1.1 Pavement hpplicationa

structural pavement
The material passing the 3/4 in. sieve and retained
on the #4 sieve was used as the coarse aggregate

for concrete pavement on the 16-mile segment of

U.8. 59, in Minnesota. On the John Lodge

Expressway in Detroit, large rubble resulted in
good yields when it was crushed and processed as

specification aggregate for recycling for the new

-concrete slabs.

shoulder

Jowa recycled portland cement concrete for the
project on 1-680.and used it as the aggregate in
the portland cement concrete shoulders. Minnesota
used the material passing the #4 sieve for shoulder
aggregate on U.S. 59, Kansas crushed the existing
concrete pavement on I-235 as aggregate for the
shoulders, as well as the portland cement treated

base (PCTB) and portland cement concrete pavement.
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spgcifications for bedding and backfilling pipe in

- @ sewer project (Highway & Heavy Construction, Aug.
1984). '

. soil stabiligzer
A low quality cement can improve the behavior of
fine grained highly plastic subgrade soils.
Normally cement stabilization-is most effective in
granular soils lacking fines. Because of the low
amount of cement being added, the main result
obtained in high plasticity soils will be to lower
the plasiicity index. This is a major benefit in
construction areas where heavy traffic must be
carried directly onto the subgrade. When the
construction is comﬁleted, the structure will
benefit from a strohger; less moisture-susceptible
subgrade (Berger and Carpenter, 1980).
Other applications for non-pavement uses include: Rip
Rap, Railroad Ballast, Roofing Granules, Neutralizing Beds,
Filtration Beds, Agricultufal, Thermal Reservoirs, Lowgrade
Cement and Lime, Masonry uses, and Erosion control. Kreijger

(1980) 1lists and describes these end uses for recycled

concrete.

5.1.3 Flowable Pill Application
When a material is required to be used for a fill in a

confined location or with the 1likelihood of having to be
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removed in the future, flowable fill is the answer. It is a
low strength material mixed to a wet, flowable slurry used as
an economical fill or backfill material placed by pouring it
into the cavity to be filled. It can be placed with minimal
effort and no vibration or tamping. Fill may need to be
removed when strengths not greater than 150 psi, are required.
Higher strengths are allowed and, perhaps advisable for other
applications. ACI Committee 229 calls it "Controlied Low
Strength Material™ (CLSM); it is not considered concrete.

Flowable CLSM mixtures are an economical alternative due
to the saving of labor and time over placing and compacting
soil or granulér materials. Uses of Flowable Fill include:

1. BACKFILL (Sewer Trenches, Utility Trenches, Bridge
Abutments, Conduit Trenches, Pile Excavations, and
Retaining Walls)

2. §IRﬁgIgB§L FILL, (Foundation Subbase, Subfooting,
Floor Slab Base, and Pipg.Bedding)

3. OTHER USES (Abandoned Underground Storage Tanks,
Wells, Abandoned Utility Company Vaults, Voids
Under Pavement, Sewers and Manholes, and to contend
‘'with Muddy Conditions)

Recycling of concrete ﬁay include airfielad paving'ag‘wgll
as roads. The recycled material may be used for stabilized or
unstabilized base courses, for asphalt concrete, econocrete
subbases, or for drainage layers_or'pipe bedding, accdrding to

William Yrjanson (Highway & Heavy Construction, Feb. 1982).
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Finding the best use continues to be a challenge both for

engineers and contractors.

5.2 Use for Concrete Pines

It has been explaineg previously that the use of Ffine
recycled aggregate below 2 mm (0.08 in.) has a detrimental
effect on economy as well as on many technical properﬁies of
recycled aggregate concrete. From the point of view of
production of recycled aggregate for medium to high-strength
concrete, fine recycled aggregate below 2 mm (0.08 in.) should
be wasted.

Hansen (1986) has suggested other possible uses for
crushed concrete fines, which include trickling filters for
waste water treatment, poultry grits, acid s0il or waste water
neutralization, substitution for ground 1limestone in 80,
scrubber filters in coal burning power plants, for
stabilization of sewage sludge, or as a source of available
silica in highly leached lateritic soils. However, it should
be kept in mind that the concentration of calcium hydroxide in
crusher fines from old concrete is very small, 4 percent by
weight at most. Because of the low concentration of calcium
hydroxide, use of crusher fines nay be uneconomical, even if
iﬁ can be shown that beneficial effects do indeed exist

(Hansen, 1986).
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5.2.1 Fines in Boil

The adqition of crushed concrete fines may improve both
the plasticity index and the grain-size distribution and
therefore the engineering properties of clayey soils for
earthwork purposes. Such improvements, according to Hansen
and Angelo (Nov.-Dec. 1986), go beyond what can be explained
by mere mechanical stabilization due to change in grain-size
distribution of the soil. It is suggested that the additional
improvement which is obser&ed when crushed concrete fines are
mixed with clay is due to flocculation and coagulation of
colloidal clay materials that react with calciﬁm hydroxide in
the crusher fines to form larger grains in the silt fraction.
This happens within moments of mixing of the two soils (Hansen

and Angelo, 1986).

5.2.2 Fines in Concrete Mix

Crushed concreﬁe fines consist of both aggregate and fine
cement paste particles. When crushed concrete fines were used
as_fine aggregate in concrete instead of natural sand, study
by Ravindrarajah and Tam (1987) revealed the following
effects:

(1) Compressive strength at early aées was marginally
lower, but with increasing age, the difference in
strength became negligible.

(2) The ratic of tensile strength or flexural strength

was not affected.



(3)

(4)

(5)

(6)

(7)
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Modulus of elasticity of concrete at the age of 28
days was reduced by 15% to 20%. |

Compressive strength-pulse velocity relationship
was affected considerably and for the same strength
the pulse velocity was lower.

Drying shrinkage of concrete was increased by about
40%.

Creep of concrete under axial compression was
marginally_increased.

When pulverized fuel ash was used to replace 10% by
weight of the crushed concreté fines, the
detrimental effects of the crushed concrete fines

were much reduced.

The'Michigan Department of Transportation, Bureau of

Highways,

provided a document as a supplement to the

questionnaire, concerning a special provision for crushed

concrete fine aggregate. The following is taken from that

special provision.

The fine aggregate which is produced as a by-product of
crushing portland cement concrete is prohib;;eg to be used in
" the following:

1.
2.
3.
4.

5.
6.

Subbase

Embankment under abutments

Concrete mixes

In conjunction with a geotextile whlch is used as a
filter

Granular Material Class I, II or IIA

Granular Material Class 1II except where permitted
herein
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Crushed concrete fine aggregate is permitted to be used,
in accordance with the 1990 Standard Specifications, in the
following:

1. Embankments except those under abutments
2. Swamp backfill
3. Bituminous mixtures

4. Backfill for non-metallic culvert and sewer pipe
without associated underdrains.

The volume of fines in the finished procduct can be
~directly related to the care with which the operator of the
excavator picked up the broken concrete in the removal
process. If any of the clay base adhered to the underside of
large pieces, it would persist through the crushing and
screening system to appear as fines. If fhe excavation was
done on a rainy day, the wet clay would be especially
difficult to remove. Consequently, the amount of fines in the
concrete mix can be controlled from the beginning of the
project by assuring quality work during the breaking and
loading of the concrete rubble to be recycled.

As stated in the Michigan DOT provision (MDOT's
questionnaire and supplemental guidelines), there has been
concern using concrete made with fine aggregate. Recycled
fines are not suitﬁble for use in drainage layers beneath the
pavement. Some of the cement material attached to the surface
of the fines goes into solution when water percolates throﬁgh.
A precipitate then forms in the drainage structure or on the
geotextile fabric used to wrap the drain. Because this plugs
the drain, the Michigan DOT no longer allows the use of

recycled fines in drainage layers of the pavement base.
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SECTION 6

QUALITY OF MATERIAL

INTRODUCTION _

The quality of the recycled aggregates will be reviewed
by naming the possible contaminants and their acceptable
limits. A variety of different tests can be done to assure
the quality of the material and will be outlined in this
section.

From the responses to the survey, it is evident that most
states that recycle concrete judge the quality of the old
material to be recycled either by standard specifications for
virgin aggregate or based on the performance in the PCC
pavement and the service record of the old pévement, or a
combination of both. Iowa DOT assesses the guality of the old
material based on the quality of the coarse aggregate'in the

original concrete rubble.

6.1 Limits on Contaminants

The problem'with contaminants is that if a significant
quantity of any contaminant is present in the final product,
problems will result in the new pavement. The allowable
percentages of conﬁaminants in recycled concrete set by most
states is the same as those set for virgin aggregates and must
meet standard specifications (Illinois, Wisconsin, and
Hichigan DOTs are examples). Wisconsin aiso specifies that

prior to in-place breaking of the old pavement, the contractor
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is required to remove -all asphaltic pPatches and all joint
sealing material. Towa's specifications limit the amount of

base material that can be picked up with concrete rubble.

6.1.1 D-cracking

"D"-cracking is a series of crescent-shaped cracks and
spalls on the pavement surface which usually start at the
intersection of transverse and longitudinal joints ang
progress from the joints to the center of the panels. 'In
Minnesota, this form of pavement distress is physical in
nature and is associated with pPoor quality aggregates which
absorb moisture and deteriorate through freeze-thaw action
(Halverson, 1982).

The durability of concrete using aggregates made with
concrete subject to D-cracking can be substantially improved
over the original concrete by crushing the concrete to a
smaller aggregate size, Minnesota DOT research work has
indicated that by crushing a pavement with poor quality
aggregate to minus 3/4 inch size and by incorporating fly ash
into the recycled concrete mix, the resistance of the
resulting concrete to freeze-thaw action will be improved
(Halverson, 1982).

Illinois has chosen to recycle D-cracked PCC pavement
into full~-depth asphalt concrete rather ﬁhen back into pCC
pavements due to durability concerns. Towa also does not
recycle rubble from old concrete with proven poor durability

problems into new PCC pavement. However, Kansas, Michigan and
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Minnesota have all recycled D-cr&cked pavements and have found
no durability problems after several years of service {(Love,
1987 and Yrjanson, 1981). Minnesota DOT indicates that the
recycled pavement which came from pavements exhibiting b-

 cracking has performed quite well using fly ash.

6.1.2 Balt

When pavementé, on which salt has been used during the
winter months for de-icing purposes, havé been considered for
recycling the contamination of the pavement due to the
chloride content has been gquestioned. Excessive chloride
contents require expensive chloride control measures such as
epoxy-coated steel.

I1llinois DOT decided to use plain reinforcing steel after
it found slightly high chloride content on the I-57 project.
Two points sﬁpported the decision to use the plain reinforcing
steel. PFirst, the fine aggregate was to be washed, which
would remove some of the chloride. Second, the crushed
concrete would be mixed with other materials and dispersed
throughout the recycled concrete, thus minimizing the
potential differences that can lead to corrosion (Van Matre
and Schutzbach, 1589).

Wisconsin DOT conducted tests on samplés from pavements
during the project on I-%0/94 and found that thé concrete
contained 4 to 5 1b./cu.yd. of chloride. This could be reason
for alarm when considering the use of this material.for a

reinforced concrete pavement. However, tests of the processed
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material and calculations made with typical batch proportions
indicate that chloride in a recycled-concrete attributable to
the recycled coarse aggregate would be 1.5 to 2 1b./cu.yd.
Virgin aggregate sources would contfibute approximately 1
1b./cu.yd. chloride in the new concrete mixes (Strand, 1985).

Concern about rapid steel corrosion due to the chloride
content of the salvaged concrete, as well as from future
" winter maintenance, led to the decision to epoxy coat all
steel in the continuvally reinforced concrete pavement (CRCP),
on I-90/94. The Wisconsin DOT found that the costs which are
associated with epoxy coating are expected to be more than

offset through increased pavement 1life (Strand, 1985).

6.1.3 Others

The presence of bituminous aggregate particles in
recycled aggregate concrete reduces concrete strength in the
same way as any other low strength lightweight aggregate
particles would reduce concrete strength. Geradu and
Hendricks (1985) state that recygled aggregates should not
contain more than 1 percent asphalt because of the reduction
in compressive strength attributed to the asphalt.

Hansen and Hedegaard (1984) concluded that as long as
plasticizing, air-entraining, and retarding admixtures are
used in quantities not exceeding manufacturers' recommended
dosages, the presence of chemical and mineral admixtures in
recycled aggregates has no significant effect on slump, air

content, or setting time of fresh recycled aggregate concrete,
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or on compfessive strength of hardened recycled aggregate
concrete.

.The survey which was sent to various states questioneq
whether they had used recycled aggregate taken from crushed
air-entrained concrete, D-cracked, or other Problem concrete
pavements, The reply concerning D-cracking has been
Previously addressed. In regards to the others, Illinois has
used only air-entrained concrete since 1952, Iowa has
recycled problem concrete into base layers without any
'problems. Connecticut has not recycled problem concrete.

Other states findings are addressed in the survey.
6.2 strategy for Quality Assurance

6.2.1 Btandard tests

Prior to determining whether a certain section of roadway
couldlbe practically recycled, it is necessary to evaluate the
suitability of the old concrete pavement as a source for the
recycled concrete aggregate. Samples should be taken from
various pointé along the roadway, and especialiy areas where
contaminants .have been found or suspected, and used for
laboratory testing to determine the technical feasibility of
the roadway.

Some of the standard tests that have been applied
throughout the states are:

1. Sodiuﬁ'sulfate soundness test

2. Freeze-thaw resistance
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3. Los Angeles Abrasion test

Other tests done by certain states are for specific
contamination problens they haﬁe found in their region. For
example, the Minnesota DOT (questionnaire) requires freeze-
thaw tests because of the problem with D-cracking which they
have found comprises 14% of all the pavement in the state.
However, Oregon is not as concerned with the freeze-thaw test
because paveeents there have not shown any signs of D-
cracking, due to the characteristics of the natural aggregates
with which the concrete is mixed.

The Illinois DOT requires the standard tests listed
above, in addition to a test to find the amount of material
passing through the No.200 sieve, and a test to determine the
percentage of deleterious materials (e.g. hale, clay lumps,
coal and lignite, etc.).

Table 6.1 gives the results of an evaluation which the
Hichigen DOT has performed to determine whether a certain

section of roadway could be recycled.
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Soft Particles 2.3% 2.5%

Chert Particles 2.0% Sum of Soft & Chert 9,02
Shale (included in soft) 1.0%

Los Angeles Abrasion Loss 33% Maximum 40%

Unit wt., Dry, Loose 80 1b./ft> |
Specific Gravity, Bulk '

Dry : 2.35%
Absorption 23-hr. Soak 5.12%

Freeze-thaw durability factor
estimate 90 Minimum 20%

Since a 1980 project Minnesota DOT has used the Concrete
Pavement Evaluation System, COPES, to track the various
distresses associated with concrete pavements within the state

(Zoeller (MnDOT), 1990).

6.3 Concluding Comments

Careful planning and design are the first essential parts
to assure quality, alohg with interim and post-construction
evaluations. Changes should be made if the interim
evaluations show any problems. |

Illinois performed an'evaluation after finishing the
northbound lanes of a project and used the information from
these tests to make improvementé for the southboﬁnd lanes.
Based upon the success of the first season of construction,
the saﬁe pProcedure was used for the second construction season

with minor adjustments. Construction on the southbound lanes
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Progressed more smoothly than the construction of the
northbound lanes. The learning curve developed during the
first seaéon of construction allowed for a more expeditious
operation (Van Matre and Schutzbach, 1989).

Evaluations should also be made at the conclusion of each
project and should be monitored for the lifetime of the

pavement, in order to gain from the results and plan future

recycling projects.
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SECTION 7
RISK ASSESSMENT AND LIABILITY ISSUES

INTRODUCTION

The risks associated with recycling concrete will-be
examined by looking at liability issues in using recycled
concrete aggregates as a highway construction material in the
State of Indiana. Most of the states responding to the
questionnaire found few risks and liabilities involved with
recycling concrete. Illinois suggested” that risks would not
be a problem if the recycled mixture was equivalent to virgin
mixture. Connecticut believed that liability would only be

concern if environmental controls are tightened or expanded in

the future.
7.1 Risks

7.1.1 Economical

Indiana can expect recycling concrete to be an economic
risk for the first several projects. As stated previously,
once the contractors and state develop guidelines and have
experience with recycling, future jobs can providé economic
savings, as illustrated by many other states results.

Economically it would be a risk to neglect the existing
shoulders on a project where only the road pavement is being
recycled because an unexpected cost will arise when the

shoulders héve to be repaired or even possibly fail due to the
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heavy construction equipment constantly being moved on them
during the recycling process.

Illinois applied a bituminous overlay on the shoulders
that were to be used by the construction equipment, before the
recycling process began. It was found to be economically

feasible and saved the shoulders from cracking and additional

distress.

7.1.2 Technical

The amount of harmful materials in the old pavement has
to be considered because many tests have éhown a direct
correlation for the performance of poor quality aggregates
when they are recycled from old contaminated pavements,
Processes have been developed to improve poor quality
aggregates to obtain medium-strength recycled aggregate,
Beneficiation of aggregate is one available solution when
aggregate suﬁplies are scare, but it will add to the cost of
aggregate and hence the concrete. Some possible treatments

are summarized in Table 7.1.
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Table 7.1

Beneficiation of Aggregates

e ey e,
Treatment Removal

Crushing Friable particles
Heavy-media separation Lightweight particles

Reverse air or water flow Lightweight particles

Hydraulic jigging Lightweight particles T
Elastic fractionation - Lightweight particles
Washing and scrubbing | surface coating, finely

divided materials

Selective quarrying, - Control or removal of
crushing, and blending deleterious components
I %— T

7.1.3 Environmental and Health

Recycling of portland cement concrete presents both
environmental advantages and disadvantages. The advantages
are reduction of wastes, reduction of fuel use, reduction of
trucking, and reduction of the use of non-renewable resources.

The disadvantages include the intrusion of trucking into
locations where this is undesirable, aesthetic concerns, andg
potentiél noise and dust control problems.

Operation of a crushing and screening plant is always

accompanied by the generation of noise and dust. Therefore,
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in the selection of Plant location, environmental conditions
of the vicinity ang legal requirements must be carefully
studied and Necessary countermeasures taken. The early
concern about noise angd dust problems when ¢rushing concrete
with mobile Plants in urban areas has apparently been
exaggerated {Hansen, 1986) . Several contractors have received
far less complaints abqut'vibrations from the area surrounding
the project when using a resonant pavement breaker for the
removal process, as opposed to the conventional drop hammer,
Obviously the problem of vibrations is usually only a concern

when the project is located near an urban area.

7.1.4 Political

ﬁs with any construction project, if‘businesses are
located near the project they will complain about being
deprived from traffic.becausé of the re-routing that takes
‘Place with the rehabilitation of a roadway. This is obviously
not a concern when the rdadway that needs to be rehabilitated

is not near urban areas.

7.1.5 Time _

Traffic control hag probably been one of the majof
drawbacks to concrete recycling to date. The greatest concern
has been the need to close traffic lanes for an extended
period of time. This iz a problem that has proven to be not
80 great as originally expected by highway departments that

have constructegd recycling projects.
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7.2 Liability

7.2.1 ﬁse of Reinforced Concrete

When recycled aggregate is used for making reinforceqd
concrete, concern has been raised about the corrosion of the
steel due to the contaminants in the recycled material. a way
of protecting the steel in recycled concrete, as required by
some highway departments, is to epoxy coat all the relnforcing
steel. Some etates have not required epoxy coating if their
test shows that the amount of contaminants and if it is below
a certain level.

Michigan has found that some recycled coarse aggregates
have not provided the sanme pavement performance as viréin
aggregate, "Once cracks appear, the reinforced steel is
breaking prematurely due to poor aggregate inter-lock across
the crack. Michigan has placed a moratorium on the use of
recycled aggregate as coarse aggregate in concrete mainline
pavement until research is completed," according to David

Smiley of the Michigan DOT (MDOT questionnaire).

7.2.2 8ervice Life

Life cycle esrimatee for recycled PCC pavements range
from 20 to 35 years, The Michigan DOT predicts that 50
percent of the joint seals and 50 percent of the joints will
require replacement during a 35-year life cycle, according to

Gerald McCarthy of the Michigan Concrete Paving Association
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and formerly with the state DOT. These estimates are
identical for virgin material (Ray, 1985).

Recycled coarse aggregates may be more durable_than they
were in their original state because the concrete has already
gone through years of freeze-thaw cycles, and any resultant
cracking would have already occurred. The recycled material
may be further streﬁgthened because the portland cement
coating on the original aggregate becomes part of the final
crushed product, and has greater strength than some of the

original aggregate.
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CONCRETE AND OTHER MATERIALS FROM BUILDINGS

SECTION 8

BUILDINGS

8.1 Volume

It has been estimated that 60 million tons of concrete
are demolished each year in the United States (Hansen, 1986).
Due to structures no longer fulfilling their functions in an
acceptable way, there now are more and more concrete
structures in need of demolition. Since there are currently
a diminishing number of 1landfills for disposing of the
demolition debris, this has caused an increase in interest
for demolition recycling. sSimilar to concrete from roadways,
buildings may be valuable sources from which recycled concrete
can be produced. Figure 8.1 shows a prediction of
construction, remodeling, and demolition wastes generated in
the U.S.

The weight or volume of wastes from building demolition
is rarely measured with any accuracy. Therefore, the outflow
wastes can not be directly determined. Instead, demolition
wastes are estimated by analyzing the materials that went into
the construction of the building.' Reinforced concrete
buildings are a single time source of concrete, after
demolition, which usually constitutes aboﬁt 75 percent of the

total demolition wastes by weight (Ramaswamy et al., 1983).
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8.2 Potential Problems

8.2.1 Contaminants

Concrete from structures to be demolished may have
various types of finishes, cladding material, lumber, dirt,
steel, and hardware attached to them. It is advantageous if
concrete for production of recycled aggregate is freed from

foreign matter before demolition.

During the demolition a wide variety of samples can be
taken to test the cohcrete to determine the amounts of
contaminants in the material. Reclaimed .aggregate from
building demolition contains varying qﬁantities of gypsum,
glass, tile, plastic, brick, wood and metal. Wood, glass and
gypsum.are'particularly harmful, the former because it is soft
and subject to considerable volume changes, the glass ang
gypsum due to their potential chemical reactivity with
portlénd cenent. Due to their relatively low dehsities, wood

and gypsum can be removed by conventional aggregate

benefication equipment (Civil Engineering, Sept. 1981).

8.2.2 Bpecifications

Only three contaminants appear to pose potentially
serious durability problems: chlorides, sulfates, and glass.
High levels of chloride would neceésitate special attention to
reinfofcement protection. High concentrations of glass would
require tests for expansive alkali-silica reactions (Caltrans,

1990) .
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Buck (1976) reported that 5 percent gypsunm by weight of
total aggregate was sufficient to produce harmful internal
expansion in concrete wmwade with cement containing over 5
percent C;A when the concrete was moist cured. Expansion was
reduced when the specimens were allowed to dry. Neither the
use of a cement with reduced C:A content or fly ash was
effective in preventing expansion (Buck, 1976).

For ordinary Portland cement, a maximum of 5.2 percent
§0; by weight of the cement should be the specified limit on
the basis of i:he total S0; content of the cement and aggregate
according to Nixon (1978). Like Buck he found that allowing
the sﬁecimens to dry, reduced the final expansion.

Contaminants should not be a problem -in demolition
concrete origihating from "all-concrete" structures, retaining
walls, bridgés,,etc., unless contamination by chlorides or
sulfates occur. Concrete from.building demolition wastes may
contain gypsum or glass contamination which could lead to
harmful 1ong-£em expansions.. If these problems are
recognized, thgir presence can be monitored and steps taken to
counteract their effects (Kreijger, 1980).

For the most part, it. appéars that existing standards
such as those_ of AS.TH, can be applied to coarse aggregates
from recycled concrete. .Where adequate standards exist, these
are referenced in national concrete c¢odes such as, the
American Concrete Institute code. Little or no change is
required to allow the safe use of recycled conc_rete as course

aggregate.
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8.2.3 Toxic Waste

The contaminant that gives the most concern is asbestos
because it is considered a toxic waste and should not be
combined in other building demolition material. If asbestos
is found to be greater than 1% by weight in the building
demolition material, then all of the building material is
considered toxic waste and must be disposed of properly, in
special landfills (Barnes, 1992). This problem can be solved

by removing the asbestos from the building prior to

demolition.

8.2.4 Hazardous Waste

Another contaminant that causes concern when mixed with
other deﬁolished material is lead paint, which is considered
a hazardous material. This is a new area that is beihg
studied by the Indiana Department of Environmental Management
(IDEM). Presently, Indiana does not have any requirements for
‘the amount of lead paint permissible in the démolition
material. IDEM has suggested removing any lead paint before
the demolition of the building. The amount of lead paint in
the material after demolition is believed to be diluted to a
small, almost undetectable amount, so that presently it does
not warrant the entire amount of material to be considered as
hazardous 'waste, and thus be treated and disposed of as

"special waste" (Barnes, 1992).
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8.3 Applications for Concrete

Applications for concrete from building demolition is
similar to the applications for concrete from highways. The
reclaimed material can be successfully used to produce, for
example, stabilized and unstabilized bases and subbases and
fill. Recycled aggregates from structures where high alumina
- cement has been used, most likely furnaces and kilns, in lieu
of Portland cemenﬁ, should not be used for production of

recycled aggregate concrete for structural purposes (Hansen,

- 1986).

8.4 Applications for Non-concreteICOmponents

Similar to the steel from the concrete reinforcement from
‘highways, the steel from the demolition wastes can be salvageqd
and sold. Markets presently exist for scrap iron and steel,
aluminum, copper; lead, and glass. However, the market for
scrap glass, Kknown as cullet, has up to nbw accepted mostly
clean scrap created within the industry, to which is
occasionally added post—donsumer bottle cullet. It is not
clear how the cullet market would react to the introduction of
large quantities of post-consumer window-glass cullet from
buildings (Wilson et al. 1976).

More recently, Spencer (1990) reports that glass cullet,
which would otherwise end up in a landfill, can be processed
at 100 tons per hour through a concrete crusher, and sold for

$13 per ton as fill sand. 'Waste wood can be processed into
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fuel for cogeneration and also into planter mulch (Spencer,
1990).

Other applications of non-concrete components include
using building rubble, which is relatively  free from
contaminants, for use as subbase and subgrade/embankment
material. The technical and environmental suitability nust be
determined prior to its use. The economics of using building
rubble will depend upon many factors, including its
feasibility for the various applications, processing, crushing
to appropriate size, trﬁnsportation to the location, and the

cost of competing natural aggregate (Ahmed, 1991).

8.5 Demolition Technigues

Traditional methods of demolition rely on some form of
impact to bfeak up a structure and have been used extensively
on -l_:rick and masohry buildings. A mdjor disadvantage of any
impact tool is the high level of noise produced, while the
quantities of dust and fiying debris are a direct threat' to
the health and safety of the operators (Lihdsell, '1980).

Conventional techniques for demolition are shometimes
unsuitable for reinforced and préstresséd concrete structures.
The presence of the reinfofcing steel makes the demolition
operation more difficult and often more 'hazardous for the
demolition operatives. Consequently, methods of demolition
have been introduced in recent years in order to speed up the
demolition process and they are aimed at reducing costs,

providing better safety and minimum disturbance to the public.
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Traditional methods for demolition include; hand
demolition, wire rope pulling, demolition ball, and
explosives. The most common and modern method is the
hydraulic jaw. Other modern methods include; thermic boring,
hydraulic burster, diamond saw, diamond core drill, concrete
drill, concrete nibbler, abrasive water jets, and the silent
drill. More information on these methods can be found in

olition Te es for crete st ur (Lindsell,
1980). The entire demolition pfocess usually requires a
combination of several of these methods.

Table 8.1 shows the amounts of various materials that can
be obtained from wastes due to building demolition,

construction and remodeling.
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Table 8.1 Prediction of Construction, Remodeling, and _
Demolition Waste Composition in the United States

(after Jones, 1973).

.1990 2000 2010

Materials Percent by |-Percent by | Percent by

Weighe Weight Weight
Concrete 69.77 74,78 76.91
Wood (Total) 13.51 11,10 9.79
Scoftwood Lumber 12.05 9.19 7.58
Hardwood Lumber .62 <45 _ .13
Seftwood Plywood ) .43 .95 1.44
Insulated Board : . .29 .28 .28
Hardboard 11 .18 b
Hardwood Doors 01 - .05 .05
Gypsum Products 2,12 _ 2.25 2.29
Clay (Total) 6.86 . 5.73 4.38
Clay (brick, floor . 5,93 5.09 3.96
~tile, ete.) )
Structural Tile - .39 ~ .13 .03
Vitrified Clay ' .

Sewer Pipe _ + 34 .51 .39
Aluminum . ' .16 .24
Copper - ' 14 .09
Plastics " .29
Steel - 71.74 5.84 6.01
Total Volume - 315.34* [ 385.13% | 464.22%

-

* The total mass are expressed in million tons per year.
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8.6 Roofing Material

Roofing scrap is a non-biodegradable material that does
not belong in a landfill. Roofing waste, which contains
roughly 50 percent asphalt, should be treated as a resource
rather than, another disposai problem (Gaudio, 1990).

From the 1992 Roofing Debris Disposal Survey, for the
Indiana Roofing Contractors Assogiation, it is evident that
. roofing debris creates a large volume of waste for landfills.
The cost of the roofing debris disposal ranged from $15.00 to
$32.15 per ton. According to the three surveys received, the
average quantity of debris disposed in Indiana.in 1991 was 380
tons. In fact, roofing debris is one of the top ten materials
(in volume) contained within landfills today (Ginter, 1991).

A New Jersey firm, ReClaim Inc., appears to have a simple
solution by recycling the roofing debris. Only sorted and
separated asphalt roofing debris are accepted by a ReClaiﬁ
facility. Producing savings for customers depends on
receiving loads of presorted scrap that contain nothing but
asphalt roofing material. Hence, roofing contractors realize
the benefits of the far lower. tipping fees available from
ReClaim than at a landfill (Reclaim will Recycle 100,000th Ton
in October, 1991; from ReClaim, Inc. brochure).

Minnesota used 377 tons of asphalt shingle material to
pave eight miles of Minn. Hwy. 25 with the recycled mixture,
in June of 1991. That stretch of highway was the first majof_
road in Minnesota to be paved using recycled asphalt shingle

material. Organic shingles contain 30 percent asphalt.cement,
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which is the most expensive ingredient in the paving mixture

(Constructjon Bulletin, Aug. 1991).

8.7 Bricks

Research has been done to justify the use of crushed
burnt brick as a substitute for conventional aggregate in
concrete construction. High-grade concrete can easily be
produced by using brick aggregate. Although this concrete has
a lower value of modulus of elasticity, its tensile strength
is higher than that of normal weight concrete. Reduced unit
weight of brick aggregate concrete is another advantage
{Akhtaruzzaman and Hasnaﬁ, 1983).

Newman found that brick rubble can be crushed and graded
to produce coarse aggregate and fine aggregate which will be
entirely suitable for concrete for many building purposes.
Concrete made with the aggregate can be safely used in all dry
positions, . or in many cases, in all positions provided

adequate weather protection is provided.
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SECTION 9

8UMMARY, CONCLUSION, AND RECOMMENDATIONS

9.1 Summary

This study is a synthesis of the information on the use
of concrete recycled from pavements and building rubble for
the use in the Indiana Highway system. The information was
obtained from a review of published literature and recent
unpublished reports. +In addition, a questionnaire regarding
the use of concrete recycled from pavements and building
rubble was prepared and distributed to many of the state
highway agencies. A majority of the states responded to the
questionnaire, giving a summary of their cufrent practiées in
the.use of recycled concrete and their experiences on the
technical, economic, and envirohmental aspects, if they were
involved with the practice of recycling cohcrete.

Section i of this report gives the background, states the
objectives and describes the research approach. Section 2
through 7 cover concrete recycled from pavements. Séction 2
describes the technical feasibility of concrete recycling
while Section 3 describes the economical feasibility. Section
4 details the different engineering properties of the recycled
material and describes the mixture design.  Section 5
discusses the different applications that the recycled
aggregates have been used for. The Quality of the recycled

material is described in Section 6. Section 7 describes the
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risk and liability issues associated with recycling concrete.
The concrete recycled from buildings and its feasibility is
discussed in Section 8. The subsequent sections describe the

literature search, results, and a summary of the survey.

9.2 Conclusion

Economic considerations are the primary reasons for
recycling portland cement concrete (PCC) as aggregate in PCC
pavements, although environmental benefits often are deriQed
as well and may become more important in the future. 1In some
areas of the United States there is little sdpply of virgin ‘
aggregate and recycling is the only viable economical
solution.

In.Indiané, most of the counties have at least one
aggregate source. These sources might not always be
conveniently located near a project and at some point
consideration has to be given to how long these sources will
be able to supply the aggregate. Also, if there are aggrégate
-sites within relatively dlose proximity, the quality of the
aggregate in'these locations might not be acceptable for the
project requirements.

Due to environmental concerns, in some urban areas, it is
less expénsive and more environmentally acceptable to re-use
the PCC than to dispose of it. Therefore, when a PCC pavement
will be removed before a new pavement is placed, the project
is a prime candidate for recycling. The old pavement is a

source of aggregate in the new concrete, and the need and
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expense of disposing the material removed can be eliminated.
Further, if the project is 1large enough for an on-site
aggregate plant, the materials' transportation costs are
reduced.,

All in all it can be expected that the use of recycled
aggregate for concrete production will increase in the future
as both the demand for road-base material and the price of
recycled aggregate is foreéeen to decrease.

The following conclusions are made with respect to the
engineering properties of recycled concrete:

. Using crushed concrete as coarse aggregate did not
significantly affect mixture proportions or
workability of the mixtures compared with the
control miktures containing natural aggregate.

. When crushed concrete was used as fine aggregate,
the mixture was less workable and needed more.water
and therefore more cement. Substituting natural
sand for up to 30 percent of the recycled fine
aggregate, improved workabilitf to the approximate
levels of a conventional mixture.

. The frost resistance of concrete made from recycled
aggregates is nqt degraded when the original
concrete is of a normally good quality.

. Using récycled aggregate did not significantly
affect the volume response of concrete specimens to

'temperature and moisture changes. |

. In low-strength concrete; using recycled concrete
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as aggregate is not detrimental to the concrete's
compressive strength.

. Using water-admixtures, as well as fly ash, to
lower the water content increases the strength of
concreﬁe mixtures.that contain recycled concrete as
aggregate.

. Using recycled concrete aggregates instead of
natural aggregates in_concrete causes:

(1) reduction in compressive strength up to 25%,
(2) reduction in modulus of elasticity up to 30%,
(3) improvement in damping capacity.up to 30%, and

(4) higher amounts of drying shrinkage and creep.

Test results have shown that recycled pavement concrete
made chiefly from broken-up and crushed old concrete is as
good as concrete made from virgin materials, and sometimes
better. The new pavements can be used for many applications.
These applications includé the use of recycled concrete for
structural pavement, shoulder pavement, road surfacing, £ill,
soil stabilizer, pavement base, subbase material, and
econocrete, as well as several other applications which are
still being tested.

The use of recycled fine aggregates should be carefully
monitored and should not be used for the development of ﬁedium
to high-strength concrete. Fines should not be used in the

subbase, embankment under abutments, and locations surrounding

filters,
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The quality of the recycled aggregates can be monitored
to assure concrete is not developed with more than négligible
contaminants, The recycled concrete has shown to be of
acceptable quality and can pass state specifications when
mixed proportions are pProcessed properly.

The risks and liability of recycled concrete do not
differ very much from those risks and liabilities associated

with concrete made with virgin aggregate,

9.3 Recommendations

After analyzing other states findings and conclusions, it
is recommended that the indiana Department of Transportation
proceed with the implementation of recycling portland cement
coﬁcrete from pavements and concrete from buildings. The
followihg are offered suggestions for the development of the
use of recycling concrete:

. Develop a code of Standard Specifications, similar
to those for virgin aggregate and the Concrete
Pavementlzvaluation System (used by the Minnesota
DOT) to assure quality of the recycled material.

’ Use a small section (less than 5 miles) that is in
need of majdr rehabilitation to test the process.
and at the same project use a test sectidn to
compare the recycled concrete results with those of
conventional concrete.

. Select a location that is distant from a landfill

and a virgin aggregate source.
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Monitor the amount of excessive fines (below 2 mm)
that enters the recycled concrete mixture or do not
use excessive fines for recycled pavement.

Monitor the progreés of the recycled pavement by
taking samples of the pavement throughout the
duration of the project in order to make possible
adjustments and evaluate the pavement through its
lifetime,

Test several mixture_designs prior to deciding what
concrete mixture will be used for the recycled
concrete. _

Use all of the tests mentioned in quality assurance
to determine the quality of the material.

.Use fly ash in the recycled concrete mixture to
~improve the workability, and also to improve the
quality if using D-cracked pévement.

Great care should be taken when recycling building
materials, to insure that hazardous wastes afe not

included.
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Table 9.1 Summary of Incentives for Using Recycled
Concrete Pavements

Incentives

Technical Can be accomplished easily with modern

Feasibility equipment.

Econonic Reduces amount of material filling

Feasibility { landfills. can Save money and material.

Engineering | can improve-low—strehgth and D-cracked

Properties concrete when recycled.

End Uses | Has several applications besides

improving paVements.

Quality of With admixtures, such as fly ash,

Material . | recycled concrete can be improved.

Risk Do not differ much from risks

Assesment associated from normal rehabilitation.
i

‘Buildings Provide a large source of concrete when

a building is demolished.
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SECTION 10

INDIANA BPECIFICATIONS

The following specifications were provided by Mr. R.K.

Smutzer of the INDOT, Division of Materials.

10.1 Guidelines For ©Portland Cement Concrete Pavement
Recycling Feasibility Studies

This item will involve the obtaining of concrete for
testing, preparing fhe concrete to appropriate gradation,
mixing new cdncrete using the recycled material, casting
specimens for testing purposes, and preparing recommendations
for the feasibility of using old pavement concrete as
aggregate in new concrete.

The eleménts involved in this feésibility study will be:
1. Obtajining anq;g;e

Sufficient amounts of concrete shall be obtained to
perform thé required tests. The consultant shall provide
the traffic protection, the equipment to remove the

concrete, the repair/patching materials to repair the

pavement, etc.

2. Preparing Concrete
The concrete shall be crushed and graded to the
appropriate gradation. The absorption and bulk specific

gravity shall be determined for the aggregate.
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Mixing New Concrete
The recycled concrete shall be used as aggregate in
the new concrete mnixes. The concrete shall be air-
entrained according to INDOT Specifications and meet aill
required parameters, including maximum w/c ratio, cement

content, etc. The plastic concrete parameters for each

batch of concrete shall be reported,

Cas c

Concrete specimens shall be cast to determine the

compressive strength, flexural strength, rapid freeze-

and-thaw durability, and hardened. concrete air void
system parametefs, as a minimum.

Compressive Strength #*# « ASTM C-39

Flexural Strength * - ASTM C-78

Rapid Freeze-and-Thaw Durability - Using Indiana
Test Method 203-92

Hardened Concrete Air Void System - ASTM C-457

*Strengths at 3 days, 7 days, 23 days, and 90 days.

Prepa O s

The results of all testing shall be summarized in a

‘final report with recommendations pertaining to the

acceptability of the recycled aggregate, the class and
amount of fly ash used in the new concrete, percentage of
fine recycled aggregate used, assumptions relative to

usage, etc.
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10.2 Recycling Existing Concrete Pavement as Coarse Aggregate
in New Concrete Pavement

The Contractor will be given the option of either
recycling the existing concrete pavement as coarse aggregate
in the new concrete pavement, or using natural coarse
aggregates. If the Contractor elects to use the recycling
option, the new concrete shall be in.accordance with 501 and
as follows:

(a) All asphaltic concrete patching and overlay materials
shall be removed from the existing pavement prior to
concrete paveﬁent removal operations.

(b) The concrete pavement shall be.removed in a manner which
excludes subgrade and subbase material to the maximum
~extent practical.

(¢) Existing reinforcing steel shall be removed from the
existing pavement prior to or dﬁring the crushing
operation.

(d) The processing equipment shall include a no. 4 screen for
the removal of fine material.

(e) The cementitious content of the new concrete shall be 586
ﬁounds per cubic yard or greater.

(f) Fly ash shall be incorporated into the concrete using a
1.25 to 1 fly ash to cement replacement ratio with a 10
percent minimum and 20 percent maximum cement
replacement. _

(g) The recycled concrete shall be crushed and processed to
be in accordance with no. 8 gradation requirements. It

shall be handled and stockpiled in such a manner that it
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shall not become contaminated with foreign material.

(h) The fine aggregate used in the new concrete pavement
shall be 100 percent natural No. 23 sgand.

(i) A water-reducing or water-reducing and retarding chemical
admixture from the Department's List of Approved Chemical
Admixtures may be used.

The new concrete air content shall be determined by means
of volumetric air meter by both the cContractor and the
Department.

If there is an insufficient quantity of reéycled concrete
coarse aggregate to complete the new concrete pavement, the
contractor shéll supply natural coarse aggregate necessary to
complete the pavement.

The reinforcing steel{ dowel bars, and dowel baskets
removed from the existing concreté pavement shéll become the
property of the Contractor and shall be removed from the

project site.

10.3 Recycling Existing Concrete Pavement as Coarse Aggregate
in Bituminous Concrete and Compacted Aggregates

The Contractor will be permitted to reclaim and process
removed concrete pavement into aggregates which may be used in
bituminous mixtures and compacted aggregate provided the
. specified gradations are achieved.

Such processing shall be limited to material obtained
within the project 1imi£s. All reinforcing steel shall be
removed from the proéessed éggregate. The minus No. 4

material shall have a minimum sand equivalent of 80 percent.



93

Tests for sand equivalent shall be in accordance with ASTM D
2419. Coarse aggregate shall be in accordance with the
deleterious percentage requirements of 903.02(b). When the
aggregate to be produced is compacted aggregate for base, type
P, 53, the percent of fines passing the No. 200 sieve shall
not exceed 5 percent. When the aggregate to be produced is
compacted aggregate for undercut backfill size No. 53,
modified, the percent of aggregate passing the No. 200 sieve

shall be between 5 and 15 percent and the plasticity shall not

eXceed 7.
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SECTION 11

REFERENCES

11.1 Literature Bearch

The main searching method in gathering information
through articles was achieved by using key word searches
through data basis at libraries throughout the country. In
the initial search approximately 100 articles were retrieved
relating to recycling concrete. From the references of the
initial articles, a second generation éearch was completed.
The articles consisted of one page summaries, government
documents, geperal articles, published books, and thesis'. A
patent search was attempted, however no information was féund.
After the second search was completed, additional unpublished
reports were obtained and the total amount of references was
over 200,

The references are contained in a box and can be obtained
from Professors Schdier and Cohen's office at Purdue

- University.
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APPENDIX A

SUMMARY OF QUESTIONNAIRE

Questionnaires were sent by Ken Hoover's office, of
INDOT, to a total of 30 states. The states were selected by
their similar characteristics of topography and/or climate.
All together 22 states responded to the questionnaire, however
some responded only by indicating that no recycling of
concrete had taken place in that particular state. The
following pages include a copy of the questionnaire and a
summary of the pertinent comments and responses_from i4 of the
states which responded. All of the questionnaires ha#e been
-kept with the references and can be obtained from Professors

Scholer and Cohen's office at Purdue University.
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PURDUE UNIVERSITY

<,
fﬁﬁ =3

o

QUESTIONNAIRE
Uses of Recycled Concrete from Pavements and Building Rubble

GENERAL INFORMATION
Agency/Company Name
Address

Name of person filling out questionnaire (Mr./Ms)
Position{Title)
Date Phone )
Years dealing with Recycling Concrete
Enclosing additional information {YES/NO)

Please feel free to use additional paper if needed.

QUESTIONS

1)} How do you determine whether to recycle or not ?

2) What uses has your agency found for
Concrete road and highway debris ?
a} Base material
b} Aggregate (concrete or asphait)

¢) Others
Building rubble waste ?
a) Base material
b) Aggregate (concrete or asphalt)

¢} Others

3) What portion of the fines left over from the crushing of PC.
- concrete are used in the final concrete mix and what does
your agency do with the rest of the fines ?

CrviL ENGINEERING BUILDING * WEST LAFAYETTE. IN 47907



113

4) How does your agency judge the quality of the old material to be

used in recycled concrete
from roads and highways ?

from building rubble?

5) What engineering properties have you found from concrete made

with recycled concrete aggregates
Freeze Thaw ?

Strength
Workability ?
Water demand ?

3 day 7 day 28 day

6) What changes are needed to make concrete with recycled

aggregates equal in strength to concrete made with virgin
aggregates ? ( Cement content, Number of bags per mix, W/C
ratio, Amount of fines from crushed concrete )

Examples would be appreciated.

Have you found a relationship between strength of original
concrete, used as the aggregate for the recycled concrete, and
strength of the recycled concrete ?

8) Do you have a list of allowable percentages of contaminants in

recycled concrete ? Please list if available.

9) What do you feel Is the minimum number of tons per year needed

for recycling pavements (ton/yr} and recycling building

‘rubble (ton/yr) to make it economical ?
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-10) Does your agency find recycling economically feasible
for Portland cements pavements ?

for building rubble ?

11) How does recycling compare with the cost of disposal { unit
costs of each and/or exampies) ?

12) What methods does your agency use in recycling concrete for
removal (Machine type, Crew size, etc.)
Crushing ?

Handling *?

Shipping ?

Storage?

Transportation ?

13) Do you have a cost break down for ($/Ton)
Crushing ?
Handling ?
Shipping ?
Storage 7 _
Transportation ? {$/Ton/Mile)

14) What type and quantity of production have you found realistic in
recycling concrete {ton/day) and what is the yield of usable
crushed material (ton/ton) ?
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15) What kinds of risks do you perceive are involved in using
recycled concrete '
Environmental ?

Structural. ?

Liability ?

16) Have you recycled non air entrained concrete, d-cracked, or other
problem pavements ? What was the outcome ?

17) Suggestions to Indiana ?
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