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ABSTRACT

THE EFFECTS OF MIX DESIGN ON THE DESIGN OF THE
PAVEMENT STRUCTURE WHEN UTILIZING RECYCLED
PORTLAND CEMENT CONCRETE AS AGGREGATE

by
James Stanley Fergus, P.E.

The principal purpose of this research was to investi-
gate the feasibility of crushing an existing Portland
cement concrete pavement and using the resulting aggre-
gate in the concrete‘mixture required for replacement of
the structure. In addition, the research included initial
experiments to determine the effects of incorporating bitu-
minous overlay materials as a proportion of the aggregate.

Many areas in this country are experiencing difficulty
obtaining quality aggregates for paving and other construc-
tion. Since there are a number of crushing operations
engaged in crushing concrete for non-structural construction
purposes, a few researchers have attempted to determine the
value of this waste material for use as concrete aggregate.
Each investigator predicted lower concrete strengths and,
therefore, more expense when using recycled Portland cement
concrete for the aggregate in a concrete mixture. Because

these experiments were limited in scope, it was suggested
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that further research would be necessary before a valid
determination could be made.

The experimental procedures used for this research
attempted to incorporate the complete range of variables
found in crushing and utilizing recycled concrete including
determinations of crushing properties, aggregate properties,
and concrete properties with varying mix proportions. Re-
search results were applied to the economic, environmental,
and design factors related to Portland cement concrete
pavement construction.

The basic research procedure was to obtain sufficient
amounts of concrete from an existing pavement to perform
comprehensive experiments. Material for the standard
experiments was obtained from pavement slab sections which
had been removed from a highway during a reconstruction
project. The slab material was crushed at a commercial
crushing plant with further processing at the laboratory.

In addition, pavement cores were obtained from various
highway locations for correlation experiments.

Seventy experimental tests related to the determina-
tion of aggregate properties were completed. Three hundred-
eighty tests were completed for the determination of con-
crete properties. All laboratory tests were accomplished
according to current ASTM standards or procedures used by
the Michigan Department of Transportation. Pavement design
was based on procedures suggested by the AASHO Interim Guicde

for the Design of Pavement Structures.
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The major finding of this study was that crushing
existing Portland cement concrete pavements will provide
an aggregate that can be used on a design basis equal to
a concrete design utilizing conventional aggregates. In
addition, the utilization of recycled Portland cewrent con-
crete aggregates in new concrete provides an economically
and environmentally sound resource for the reconstruction

of roadways.
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CHAPTER 1

INTRODUCTION

Due to the extensive road building and other construc-
tion programs carried on in the United States since the
1950's, the availability of quality aggregates for construc-
tion purposes has become critical in many geographical areas.
This shortage of aggregétes has led to a variety of experi-
mental projects using ''waste'" or recycled materials for all
or part of the components of roadway structures. To date,
most work involving recycled materials for highways has
concentrated on using these materials in bituminous con-
crete mixtures and for base course materials.

Until the early 1970's, most Portland cement concrete
waste materials were disposed of in landfills, but problems
with meeting the requirements of new environmental restric-
tions is making this procedure more difficult. In addition,
it is not unusual to have to haul great distances to suit-
able landfill sites when this waste material is generated
in urban areas. Therefore, economic factors have led to
the establishment of major waste Portland cement concrete
crushing operations in many metropolitan areas which have

proven to be both environmentally and economically feasible.



Most of the material resulting from these crushing opera-
tions is used as subbase for road and parking lot surfacing,
aggregate driveways, and various fill purposes. An investi-
gation of crushing operations in the Detroit, Michigan
metropolitan area indicated that appropriate screening
could produce an aggregate with a gradation suitable for
concrete mixtures at a cost which would be competitive with
other natural or manufactured aggregate.

Many of the highway systems started in the late 1950's
using Portland cement concrete for the surface structure
are now in the need of repair. This is normally accomplished
by some bituminous overlayment procedure. An investigation
of highway systems in Michigan resulted in a determination
that these overlays normally have a useful service life of
about eight years. Therefore, it would seem desirable to
completely rebuild the surface structure for a service life
of twenty years or more if reduced periods of traffic con-
trol and maintenance are a consideration. In addition, a
limited amount of overlays can be placed on existing roadways
due to the necessity of maintaining overhead clearance at
structures. Furthermore, complete removal of an existing
pavement for the purpose of recycling the materials into a
new pavement would allow for correction of subgrade failures,
deficiencies in geometrics, and drainage problems.

Before a roadway has been selected for recycling into a
new pavement structure, it would be preferable to have some

knowledge of the physical properties of the final mixture
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with regard to design. The limited data available, to date,
indicated the possibility of having to design thicker pave-
ments with recycled concrete materials, in addition to other
construction and material problems. A determination that

it may not be possible to use all of the material available
in the existing pavement for the new concrete mixture on

an equivalent design basis would be very important from an
economical and processing standpoint.

The main emphasis of this research was to investigate
the variables connected with completely recycling existing
Portland cement concrete pavement materiais and to apply
the results to the design of Portland cement concrete pave-
ment. Although theoretical concepts with respect to pave-
ment design will be discussed, the final apolication of

research results will be based on empirical determinations.



CHAPTER II

LITERATURE REVIEW

Although the use of building rubble as aggregate for
concrete construction purposes was reported in Europe imme-
diately following World War II (4,13), technical data was
somewhat limited. Reported construction projects in the
United States which utilized recycled concrete as an aggre-
gate substitute for new Portland cement concrete are re-
stricted to a few airfield reconstruction projects (18,24,
25) and an experimental paving project in Iowa (3). Since
the concrete mixtures for the airfields were actually '"lean
mixes'" used as subbase for conventional concrete surfacing,
the results are not pertinent to this study. The technical
report concerning the Iowa project offered valuable back-
ground information for pavement and concrete mix design.
However, conclusions resulting from this project, in addi-
tion to other studies (4,12) indicated a need for further
research. This was particularly true in the design of the
thickness of the surfacing structure, the utilization of
bituminous overlayment materials, and the incorporation of

crusher fines in a concrete mixture.



In addition, previously reported research did not
thoroughly investigate the physical properties of materials
resulting from concrete crushing operations with respect to
gradation characteristics, structural integrity, and mix
design incorporating the number of variables which result
from crushing operations. Furthermore, a review of exist-
ing literature did not produce a valid analysis of the
economic and envirommental factors applicable to the utili-
zation of aggregates produced by crushing existing Portland
cement concrete (PCC) pavements and using this material in

concrete produced for the replacement structure.

2.1 Physical Properties of Recycled PCC Aggregates

There exists a traditional theory which states that
the final concrete product is no better than the aggregates
used in the mix. Therefore, this section will concentrate
on previous research related to the basic qualities of re-

cycled PCC aggregates.

2.1.1 Gradation

The gradation or grain size distribution of aggregates
is an important property affecting the strength and propor-
tions of a concrete mixture (42). Most conventional aggre-
gates such as gravel and crushed stone are produced through
a crushing and/or screening process that assures a gradation
falling within certain specified limits. However, the assur-
ance of a consistant gradation is the most important factor

from a concrete mix design standpoint.



The Iowa report (3) was the only study that offered an
indication of the overall crushing characteristics of re-
cycled PCC under field conditions. In this case, an exist-
ing PCC pavement, resurfaced with three inches of asphalt
concrete, was selected for an experimental project. The
asphalt was removed as a separate operation prior to pave-
ment breaking and removal. The asphalt and Portland cement
concrete materials were independently crushed in a primary
jaw crusher to a minus six inch size and stockpiled. The
materials were then processed through a secondary crusher
to 100 percent passing the 1-1/2 inch size screen opening.
Since it was intended to use a combination of asphalt and
Portland cement concrete in part of the project, a portion
of the six inch top size material was passed through the
secondary crusher in approximately the same proportions
existing in the original pavement.

A laboratory analysis of gradations of the crushed PCC
alone and the combination of materials (Table 2-1) indicated
a fairly well-graded material. The analysis did not indi-
cate whether the asphalt concrete crushed linearly with the
PCC concrete when the materials were crushed together. In-
formation of this nature would have been of significant
value for design purposes.

Reported field observations on the Iowa (3) project
were that there was a high degree of segregation of aggre-

gate particle sizes when stockpiling the material from the



Table 2-1. Iowa Gradation Test Results for Recycled
Aggregate. (Source: Bergren and Britson) (3)

Crushed PCC Crushed PCC and AC
Sieve 7% Retained 7 Passing 7% Retained 7 Passing
1" 10.1 89.9 15.0 85.0
3/4" 18.6 71.3 17.0 68.0
1/2" 23.4 47.9 21.7 46.3
3/8" 8.6 39.3 8.5 37.8
#4 16.0 23.3 15.9 21.9
#8 7.6 15.7 7.8 14.1
#16 4.4 11.3 4.2 9.9
#30 3.7 7.6 3.7 6.2
#50 3.5 4.1 3.0 3.2
#100 1.9 2.2 1.4 1.8
#200 1.0 1.2 0.8 1.0
Pan 1.2 1.0

=
o
o
o
-
o
o
o




secondary crusher. This generated abnormal batching diffi-
culties when the materials were used. Therefore, final
recommendations resulting from research experience on this
‘project were that the crushed materials should have been
separated by appropriate screening into fine and coarse
fractions and stockpiled separately. This can be accom-
plished through a simplified crushing operation as indicat-
ed by previous work in Florida (23,25). The gradations
shown in Table 2-1 were recalculated to provide information
concerning the fine and coarse aggregate particle sizes
using material retained on the #4 sieve as the size split

(Table 2-2).

2.1.2 Absorption and Specific Gravity

A determination of the absorptions and specific gravi-
ties of component materials is necessary for concrete mix
design purposes. Buck (4), in his work at the United States
Army Engineer Waterways Experiment Station reported values
listed in Table 2-3. The first values listed were for
crushed material from a driveway containing siliceous aggre-
gate (chert gravel and natural sand) in the PCC mix. The
second material was from a laboratory beam containing cal-
careous coarse aggregate (limestone) and a siliceous natural
sand. Test results for control aggregates are also included.

Specific gravity results, only, were furnished in the
Iowa(3) report (Table 2-4). The original concrete used

for recycling was made with natural gravel coarse aggregate



Table 2-2. Recalculated Iowa Gradation Test Results for
Recycled Aggregate. (Based on Bergren and Britson)(3)

Crushed PCC Crushed PCC and AC

Sieve 7, Retained 7 Passing 7. Retained 7% Passing

Coarse Fraction

1" 13.2 26.8 19.3 80.7

3/4" 24.2 62.6 21.9 58.8

1/2" 30.5 32.1 27.9 30.9

3/3" 11.2 10.9 10.9 10.0

#4 20.9 Min. 20.0 Min.
100.0 100.0

Fine Fraction

#+4 0.0 100.0 0.0 100.0
#8 32.6 67.4 35.6 54.4
#16 18.9 48.5 19.2 35.2
#30 15.9 32.6 16.9 28.3
#50 15.0 17.6 13.7 14.6
#100 8.1 9.5 6.4 8.2
#200 4.3 5.2 3.6 4.6
Pan 5.2 L.6

100.0 100.0
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Table 2-3. Specific Gravities and Absorptions of Aggregates.
(Source: Buck) (4)

Bulk Specific

Gravity
Saturated Percent
Aggregate Surface - Dry Absorption
Crushed Siliceous
Concrete
Coarse 2.43 4.0
2.44 4.3
Fine 2.34 7.6
---- 9.0
Crushed Calcareous
Concrete (Coarse 2.52 3.9
Chert Gravel 2.52 2.6
Limestone 2.67 0.8
Natural Sand 2.63 0.4

Table 2-4. Specific Gravities of Recycled Concrete From
the Iowa Project. (Source: Bergren and Britson) (3)

—
—

Material Specific Gravity

Crushed PCC 2.457

Crushed PCC and
Asphalt Concrete
Combined 2.445
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and natural sand. Specific gravities for both the plain
PCC and the combination of materials are in close agreement
with those reported by Buck (4) for materials with the same

basic composition.

2.1.3 Durability Factor

The durability factor is an indicator of the resis-
tance of concrete to rapid freezing and thawing and is a
test used to compare aggregates on the basis of standard
mix design. On a range from 0 to 100, a higher numerical
value would indicate greater resistance. Buck's (4) test
results were extremely low (Table 2-5). However, when com-
pared to control aggregates, the resistance to freezing and
thawing was significantly improved for the aggregate pro-
duced by crushing chert concrete and essentially comparable
when aggregate was made from limestone concrete. Mix de-
signs for all tests were approximately equal (Table 2-6).

Laboratory data (Table 2-7) from the Iowa (3) tests
indicated higher values with the factor given for the mix
containing asphalt concrete as part of the aggregate con-
sidered of doubtful durability. This comparison may not be
valid since different designs were used for each mix. Such
related information as values for the water-cement ratios

and air contents of the laboratory mixes were not reported.



Table 2-5.
Accelerated Freezing and Thawing.

12

Durability Factor for Concrete Beams in

(Based on Buck) (4)

Durability Factor

Mixture 1 2 3 Combined
1 4 4 2 3
2 28 22 19 23
3 30 28 25 28
4 62 -- -- --
5 45 -- -- --
Table 2-6. Selected Physical Properties of the Five

Concrete Mixtures Tested.

(Based on Buck) (4)

Cement
Slump Air Content Aggregate
Mix Round (in. (%) (1b/yd) Coarse Fine
1 1 2-1/4 6.0 461
2 2-1/2 6.3 461 Chert Gravel Sand
3 2-1/2 6.3 461
2 1 2-1/2 5.7 461
2 2-1/2 5.8 461 Chert PCC Sand
3 2-1/2 6.0 461
3 1 2 6.3 498
2 2 6.0 508 Chert PCC Chert PCC
3 2 5.9 508
4 - 2-3/4 6.0 508 Limestone Sand
5 - 2-1/2 6.1 489 Limestone PCC Sand
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2.2 Physical Properties of Concrete Made with Recycled

PCC Aggregate

There are a number of parameters involving the appli-
cation of the properties of Portland cement concrete to
engineering design with those related to strength considered

most important.

2.2.1 Flexural Strength

The flexural or bending strength of concrete is used
for the determination of pavement design in all contempor-
ary methods. An average 28-day test value of 650 psi is
often considered as a standard design strength for pave-
ments (46).

Of the four mixes used on the Iowa (3) project
(Table 2-8), mixes A and B containing crushed PCC indicated
higher than normal flexural strengths (Table 2-9). This
agreed with previous conclusions by Gluzhge (13) that flex-
ural strengths will be higher compared to compressive
strengths. The mixes C and C-3 containing crushed asphalt

concrete were significantly lower.

2.2.2 Compressive Strength

Compressive strengths of concrete are normally used
for determining design of buildings and bridge structures.
In addition, compressive strengths are often used to com-
pare concrete mixes made with different proportions of

cement, aggregates, and other variables.
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Table 2-8. 1Iowa Project Mix Proportions. (Based on Bergren
and Britson) (3)

Basic Quantities
Absolute Volume Cubic Yard

Mix "A": 35% C.A. - 65% F.A.

Cement .106611 564 1b.

Water .181030 305 1b.

Air .060000

Agg. (Crushed PCC) .300429 1244 1b.

F. Agg. (Sand) .351930 1589 1b.

w/c = 0.54 1b./1b. Max. w/c = 0.613 1b./1b.

Project Average - 0.514
Mix "B'": 50% C.A. - 50% F.A.

Cement .106611 564 1b.
Water .164411 277 1b.
Air .060000

Agg. (Crushed PCC) 440117 1822 1b.
Agg. (Sand) .2288¢€1 1033 1b.
w/ec = 0.49 1b./1b. Max. w/c = 0.556 1b./1b.

Project Average - 0.456

Mix '"C'": Crushed A.C. & P.C. (Note: Approximately 807 C.A.
and 20% F.A.)

Cement .088842 470 1b.

Water .150760 254 1b.

Air .060000

Aggregate .700398 885 1b.

w/e = 0.54 1b./1b. Max. w/c = 0.613 1b./1b.

Project Average - 0.550

Mix "C3": &5% A.C. & P.C. - 157 Sand (Note: Approximately
657 C.A. and 35% F.A.)

Cement .088842 470 1b.
Water .150760 254 1b.
Air : .060000

Crushed A.C. P.C. .595338 2452 1b.
Aggregate (Sand) .105060 474 1b.
w/c = 0.54 1b./1b. Max. w/c = 0.613 1b./1b.

Project Average - 0.500
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Buck (4) offered the most comprehensive study concern-
ing compressive strengths of concrete made with recycled
PCC. The results of his tests (Table 2-10) indicated con-
crete mixes with crushed concrete aggregate produced lower
compressive strengths than control mixes. Frondistou-
Yannas (12), who also reported the differences between con-
cretes made with crushed PCC and control aggregates at
various water-cement ratios (Tables 2-11 and 2-12), drew
the same conclusion. Results of average field tests for
the Iowa (3) experimental project indicated more than ad-
equate strengths (7) for concrete made with recycled PCC
aggregate (Table 2-13).

The Frondistou-Yannas (12) tests were made on concrete
with an abnormally high water-cement ratio and tested at an
early age. However, the results of tests for the concrete
using regular cement and recycled PCC aggregate were extrap-
olated and compared to the other studies with respect to
mixes having approximately the same water-cement ratio
(Table 2-14). It was assumed that 15-day tests were 80

percent of 28 day values.

2.2.3 Other Physical Properties of Hardened Concrete

Buck (4) also performed tests to investigate two other
parameters to provide information for comparing the physical
properties of concrete made with recycled PCC to concrete
made with conventional aggregate. These were determina-

tions of the linear coefficient of expansion (Table 2-15)
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Table 2-10. Average Compressive Strengths of the Five
Concrete Mixtures Tested. (Source: Buck)(4)

Compressive Strength (psi)

Mixture
Number Round 7 Days 28 Days 58 Days 90 Days 180 Days

1 1 2,800 4,420 5,160 5,230 5,660
2 2,360 3,840 4,400 4,890 5,120.
3 2,520 4,160 4,530 5,070 5,050

Combined 2,590 4,140 4,700 5,060 5,280

2 1 1,910 2,880 3,480 3,900 3,850
2 1,990 3,210 3,620 3,840 4,090
3 2,030 3,050 3,650 3,900 4,140

Combined 1,980 3,050 3,580 3,880 4,030

3 1 2,440 3,210 3,780 4,270 4,570
2 2,210 3,570 3,930 4,440 4,640
3 2,240 3,430 3,700 4,120 4,340

Combined 2,300 3,400 3,810 4,280 4,520

4 - 3,180 4,510 4,790 5,320 5,530

5 --- 2,580 4,150 4,000 4,660 4,840
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Table 2-11. Relationship Between Water-Cement Ratio and
Compressive Strength. Cement: Portland Cement
Type III; Fine Aggregate: Ottawa Sand. Tested at
8 Days. (Based on Frondistou-Yannas) (12)

Compressive Strength (psi) Water-Cement Ratio

Recycled PCC Granite Gravel
Concrete Concrete
3400 3700 0.55
2100 2150 0.65
1300 1600 0.75

Table 2-12. Relationship Between Water-Cement Ratio and
Compressive Strength. Cement: Portland Cement Type I;
Fine Aggregate: Granite Sand. Tested at 15 Days.
(Based on Frondistou-Yannas) (12)

Compressive Strength (psi) Water-Cement Ratio
Recycled PCC Granite Gravel
Concrete Concrete
2600 3500 0.55
2200 2500 0.65

1700 1500 0.75
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Table 2-13. 28-Day Compressive Strength Test Results from
the Iowa Experimental Project. (Source: Bergren and
Britson) (3)

Average
Mix Compressive Strength (psi) Water-Cement Ratio
A 4413 0.51
B 4292 0.46
C 2250 0.55
c-3 2290 0.50

Table 2-14. Compared Compressive Strengths from Three

Studies
Water-Cement Compressive

Information Source Ratio Strength (psi)
Bergren and Britson (3) 0.51 4413
Buck (4) 0.49 3050

0.49 3400

0.49 4150
Frondistou-Yannas (12) 0.50% 3500%*

*Extrapolated values
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Table 2-15. Linear Coefficient of Thermal Expansion of
the Five Concrete Mixtures Tested. (Based on Buck) (4)

Linear Coefficient of Expansion

Mixture
Number 1 2 Combined
1 6.3 -——- -—--
2 6.1 --- ---
3 5.6 5.7 5.6
4 3.6 : --- ---
5 4.7 --- ---
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and the length change of concrete specimens stored at con-
stant moisture and temperature (Table 2-16). The results
correlated exceptionally well and were well within the
acceptable range of 2.5 to 8.0 and maximum of 0.025 percent
respectively (40,42). Because of the apparently tight con-
trols used in these experiments, it can be assumed that
concrete made with recycled PCC aggregate will react
normally with respect to these properties.

Tests by Frondistou-Yannas (12) to determine the re-
lationship of modulus of elasticity to various water-cement
ratios (Figures 2-1 and 2-2) were made with.concrete not
representative of mixes normally used for construction (7).

Therefore, the results were not considered conclusive.

2.3 Economics of Crushing PCC for New Pavements

Intuition demands that, if an existing PCC pavement
surface must be removed because of structural deficiencies,
it would have to be more economical to re-use the resulting
waste material as aggregate rather than haul the material
to a dump site and haul in new aggregate for replacement
construction. This, of course, would be dependent upon the
expense of crushing operations, haul distances, and the

quality of the recycled aggregate.

2.3.1 Previous Economic Evaluations

There were no reported studies dealing specifically

with the economics of recycling old PCC pavements for new,
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Table 2-16. Length Changes of Concrete Specimens Stored at
Constant Moisture and Temperature. (Based on Buck) (4)

Length Increase

(percent)
Mix Round Specimen 28 Days 90 Days

1 1 1 0.013 0.019
2 5 0.016 0.018

3 9 0.010 0.008

Average 0.013 0.015

2 1 1 0.014 0.023
2 5 0.010 0.011

3 9 0.012 0.014

Average 0.012 0.016

3 1 1 0.017 0.036
2 5 0.007 0.009

3 9 0.007 0.011

Average 0.010 0.019

4 1 1 0.003 0.001
2 5  meeee eee--

3 9  meeee eeee-

Average 0.003 0.001

5 1 1 0.003 0.002
2 5 meeee eee--

3 9  eeeee eeee-

Average 0.003 0.002
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Figure 2-1. Relationship Between Water-Cement Ratio and

Type III; Fine Aggregate: Ottawa Sand. (Based on

Frondistou-Yannas) (12)
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although some background information was available. Two
researchers at the Massachusetts Institute of Technology
(11) made a comprehensive study of average equipment and
production costs related to crushing PCC demolition debris.
Theorizing this debris would be contaminated with other
materials, they designed a crushing operation with facil-
ities for removing any undesirable products (Figure 2-3).
Based on these factors, they estimated the plant price of
recycled PCC aggregate to be 67 percent of the plant price
of conventional aggregate.

Since previous research resulted in a determination
of reduced strength and stiffness in concrete made with
recycled concrete, the researchers predicted that concrete
members produced with recycled PCC aggregate would require
20 percent more volume than members produced with convention-
al aggregate. This canceled the cost advantage unless the
source of conventional aggregates were at least 15 miles
farther than the source of recycled aggregates.

Ray and Halm (21) reported a preliminary study of
energy requirements to produce one mile of pavement (10
inches thick and 24 feet wide, or 3911 cubic yards) com-
paring the use of conventional aggregate, crushing the
existing pavement, and hauling ageregate from a commercial
recycling plant for thé concrete mix (Table 2-17). It was
evident that the energy requirements for breaking the old

pavement were included in the calculations and should be
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deleted if this operation must be accomplished in the
regular progress of a project. However, their conclusion
was that, when the hauling distances for conventional aggre-
gates exceeds 50 miles, recycled pavement becomes a de-

sirable alternative.

Table 2-17. Energy Requirements for Recycled PCC Aggregate
Compared to Conventional Aggregate. (Based on Ray
and Halm) (21)

Aggregate Haul Distance Energy Used
(Miles) (BTU X 108)*

Natural Aggregates

10 7931
20 7977
50 8115
100 8346

Recycled Pavement

On the Job Plant 8148
Recycled Concrete

10 7829

*Calculated on the basis of aggregate required for one mile
of pavement.

Loken (18) reported an estimated savings of one-hundred
thousand dollars by the Iowa Department of Transportation
on an unreported 17 mile pavement project using recycled

PCC for aggregate. Personal communication with this agency
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revealed the particulars of the project were not available

at this time.

2.4 Concrete Mix Design

The basic components of a Portland cement concrete mix-
ture are cement, fine aggregate, course aggregate and water.
Determinations of the relative proportions of these compon-
ents range from the, now largely outmoded, 1:2:3 volumetric
method requiring one part cement, two parts sand, and three
parts coarse aggregate with sufficient water added to pro-
vide a workable mix (42) to theoretical methods based on
laboratory analysis. Most contemporary methods of mix de-
sign have been derived from work done by Abrams in 1918 (2,
7,38) and Talbot and Richart in 1922 (2,36,38). Abram's
major contribution was the concept of the relationship of
water-cement ratio to strength. Talbot and Richart investi-
gated the application of the voids-cement ratio to mix
design which contributed the concept of the absolute volumes

of component materials.

2.4.1 Portland Cement Association Method

The Portland Cement Association method utilizes Abrams'
water-cement ratio theory, compressive strength requirements,
and observed mixture qualities in a series of trial mixes
to determine the relative proportions of materials (7).

The following general steps are used in the mix design

process:
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Step 1. A compressive strength requirement is deter-
mined by specification or other criteria.
Step 2. Select the required water-cement ratio (W/C)

from Figure 2-4 where:

Wy
= 2-1
Ww/C s (2-1)
where:
W, = Weight of water;

Weight of cement.

Step 3. From the weight of the cement selected for a
trial batch, determine the weight of the water required

from:
W, = Wc-W/C _ (2-2)

Step 4. Saturated, surface dry, fine and coarse aggre-
gates are weighed and mixed with the cement and water in
proportions required to bring the mixture to desired con-
sistency and workability.

Step 5. Aggregate not used in the trial mix is weighed
and subtracted from original weights, the unit weight of
the mixture is determined, and the weights of component
materials per unit volume are determined through appro-
priate calculations.

A series of trial mixes are made by varying the amount

of fine aggregate and holding the other materials constant.
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The results are plotted and the most economical mix, with
respect to ratios of cement and sand (Figure 2-5), is

selected holding the water-cement ratio constant.

COMPRESSIVE STRENGTH psi

6000
Normal Concrete
5000} /
4000}
A-E Concrete

3000}

2000

| 1 { |
0.3 0.4 0.5 0.6 0.7 0.8

WATER-CEMENT RATIO

Figure 2-4. Typical Trial Mix Strength Curves. (Based on
Portland Cement Association) (7)
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Cement content -+

l‘\\
' Optimum fine
| agg. content

Fine aggregate, per cent of total aggregate -

Figure 2-5. Typical relationship between percentage of
fine aggregate and cement content for a given water-
cement ratio and slump. (Based on Portland Cement
Association) (7)
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2.4.2 American Concrete Institute Methods

Two methods of mix design are offered by the American
Concrete Institute (24). Each incorporates a comprehensive
set of empirical criteria to aid in selecting design pro-
portions (Tables 2-18 through 2-23).

Weight Method

The weight method is basically the same as that pre-
viously described for the Portland Cement Association method
except that determinations of the unit weight of the coarse
aggregate and the gradations of both the fine and coarse
aggregates are required to determine factors or proportions
from the tables. Steps utilized in formulating a mix design
for one cubic yard of concrete are:

Step 1. Select the appropriate weight of water from
Table 2-19.

Step 2. Calculate the weight of cement from the water-
cement ratio related to the required compressive strength
in Table 2-20. The water-cement ratio is subject to con-
straints in Table 2-21.

Step 3. Multiply the selected workability factor in
Table 2-22 times the unit weight of coarse aggregate times
27.

Step 4. Subtract the total weight of the materials in
Steps 1 through 3 from the estimated weight of fresh concrete
in Table 2-23 to determine the weight of the fine aggregate.

The trial batch is then tested for desired qualities

and adjustments are made as necessary.
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Table 2-18. Recommended Slumps for Various Types of
Construction. (Source: American Concrete
Institute) (24)

Types of Construction Slump, in.

Maximum Minimum

Reinforced foundation walls and
footings 3 1

Plain footings, caissons, and
substructure walls

Beams and reinforced walls
Building columns

Pavements and slabs

N WSS NN W
e L

Mass Concrete
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Table 2-20. Relationships Between Water-Cement Ratio and
Compressive Strength of Concrete. (Source: American
Concrete Institute) (24)

— =

Water-cement ratio, by weight
Compressive strength
at 28 days (psi)

Non-air-entrained Air-entrained
concrete concrete
6000 0.41 -——-
5000 0.48 0.40
4000 0.57 0.48
3000 0.68 0.59

2000 0.82 0.74
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Table 2-22. Volume of Coarse Aggregate Per Unit of Volume

of Concrete.

(Source: American Concrete Institute) (24)

Maximum size
of aggregate,

Volume of dry-rodded coarse aggregate
per unit volume of concrete for
different fineness moduli of sand

in.
2.40 2.60 2.80 3.00
3/8 0.50 0.48 0.46 0.44
1/2 0.59 0.57 0.55 0.53
3/4 0.66 0.64 0.62 0.60
1 0.71 0.69 0.67 0.65
1-1/2 0.75 0.73 0.71 0.69
2 0.78 0.76 0.74 0.72
3 0.82 0.80 0.78 0.76
6 0.87 0.85 0.83 0.81
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Table 2-23. First Estimate of Weight of Fresh Concrete.
(Source: American Concrete Institute) (24)

First estimate of concrete weight,

Maximum size 1b per cu yd
of aggregate, in.
Non-air-entrained Air-entrained
concrete concrete
3/8 3840 3690
1/2 3890 3760
3/4 3960 3840
1 4010 3900
1-1/2 4070 3960
2 4120 4000
3 4160 4040

6 4230 4120




Absolute Volume Method

Although a detailed laboratory analysis of the physical
properties of component materials is required before apply-
ing the absolute volume method, it is the most exact means
of designing concrete mixtures of those commonly used. In
this case, the total volume displaced by water, air, cement,
and coarse aggregaté, as determined from the tables or
specifications, is subtracted from the unit volume of con-
crete to obtain the required volume of fine aggregate. For
the purposes of this research, this procedure was converted
to formula form using the following notations:

Wa, Wy, W,, W, = Weights of fine aggregate, coarse
aggregate, cement, and mixing water respectively.

Gg,» Gp, G,o= Specific gravities of fine aggregates,
coarse aggregate, and cement respectively.

V = Unit volume of fresh concrete.

Vas

Vy, Vo, V,, V) = The absolute volume of fine aggre-
gate solids, coarse aggregate solids, cement solids, mixing

water, and entrained or entrapped air in the unit volume.

Y
A

Weight per unit volume of water.

Percent of entrained or entrapped air.

After determining known quantities from the tables:

v, = _Yb__ (2-3)
Gwa
W

Vo= —Ne (2-4)
GeYw

Vy= —w (2-5)
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V, = AV (2-6)
V=V -V, -V, -V -V, (2-7)
W, =V "G, (2-8)

In addition to this basic design, allowances are made
for the absorption of the fine and coarse aggregates to cal-

culate the total quantity of water required for the mix.

2.4.3 Michigan Department of Transportation (Mortar Voids)

Method.

The theory proposed by Talbot and Richart (36) that
there is a definite relationship between concrete strength
and the ratio of the volume of cement to the volume of voids
in the mortar (water and air) formed the basis for Michigan
mix design. This relationship is true provided there is
enough mortar to fill the spaces between the coarse par-
ticles of aggregate (31).

In the mortar voids method, tests are performed to
determine the amount of water required to provide the most
dense mortar with a selected ratio of dry mortaf materials
which, therefore, establishes a basic water content (Figure
2-6). A factor termed relative water content (R.W.C.)
derived by empirical methods for various uses, is then
applied to determine the actual amount of mixing water
required. Relationships between the various parameters
are illustrated in Figure 2-7. Coarse aggregate require-

ments are determined by applying a workability factor (b/b,),
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Figure 2-6. Typical Curve Showing the Relationship Between
the Water Content of Mortars and the Volume of Mortar.
(Source: Bauer) (2)
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defined by Talbot and Richart (36) but determined by field
experience, to the weight of the unit volume of loose,
bone dry aggregate. This factor is synonymous with those
offered previously in Table 2-22 for the American Concrete
Institute method (24).

In actual application, Michigan uses interpolated or
extrapolated average values from mortar void tests, per-
formed previously over a number of years, to determine
water requirements for various proportions of materials.
These average values are considered adequate due to the
uniformity of component materials as required by specifi-
cation, variables associated with actual field application,
and the fact that actual cement contents are specified
(Table 2-24). On a practical basis, the procedures out-
lined for the method incorporating absolute volumes are

essentially comparable.

2.4.4 Mix Design Utilizing Recycled PCC Aggregate

Previous investigators used a variety of mix designs
in their work with recycled PCC aggregate. Frondistou-
Yannas (12) uséd the 1:2:3 volumetric method. Buck's (4)
mix design was based on water-cement ratio as the control-
ling factor varying the amount of cement to provide a
standard consistancy. An absolute volume method was used
for the experimental project in Iowa (3) although there
were insufficient fines to provide a desirable degree of

density for the C and C-3 mixes.
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Pavement. (Source: Michigan Department of
Transportation Testing and Research Laboratory)
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2.5 Rigid Pavement Design

The predominate method used in the design of rigid
highway pavements in the United States is based on empirical
determinations of the effect of the magnitude and repeti-
tions of loads and environmental factors peculiar to the
various geographical locations (46). Therefore, most states
use a standard cross section for the surface structure with
provisions for correcting deficiencies in the subgrade.

Inasmuch as this research is primarily interested in
thickness requirements for the pavement surface structure
using recycled PCC for aggregate in the concrete mixture,
factors leading to the development of contempory pavement

design were investigated.

2.5.1 Theoretical Stress Analysis

In 1926, Westergaard (43) published the results of an
analytical study defining stresses in concrete pavements
due to loading. His assumptions were that:

1. The pavement slab acts as a homogeneous, elastic
solid in equilibrium.

2. The reactions of the subgrade are vertical and
proportional to the deflections in the slab.

Although three cases for determining maximum stress
were presented, the stress formula for corner loading of

the slab (Figure 2-8) was considered most critical.
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Figure 2-8. Westergaard's Case for Corner Loading.
(Source: Westergaard) (43)
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Westergaard (43) defined two identities necessary in
deriving his formula as the modulus of subgrade reaction (k)
and the radius of relative stiffness (1) where:

k=_F (2-9)
z
where:

P = Reaction of the subgrade per unit area;

z = Deflection of a point.
and:
, =\~/_Eh_’_ (2-10)
12(1-u?)k
where:
E = Modulus of elasticity of the concrete;
h = Thickness of the slab;
u = Poisson's ratio for concrete.

The equation for maximum tensile stress (0,) at a

corner is:
3 —0,15
. 3p 1 - Eh a1°-6
h? 12(1-u?)k

(2-11)

where:
P = Point load;
a, = Defined in Figure 2-8.

Simplified:

P 0,6
o, = ﬁz l\l - -";—‘) (2-12)
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2.5.2 Portland Cement Association Method

This method modifies Westergaard's static stress analy-
sis to allow for repeated load applications (46) and offers
a simplified means of determining stress in the pavement
under various axle loads (Figure 2-9 and 2-10). The ratio
of this stress to the modulus of rupture (flexural strength)
of the concrete is compared to the allowed repetitions in
Table 2-25. The projected number of repetitions for each
class of axle loadings over the design life of the pave-
ment are then weighted as a percentage of the allowable
repetitions. General theories pertinent to this method
are that:

1. If the stress.ratio is less than 0.51, the con-
crete will sustain an unlimited number of stress repetitions
without failure.

2. The design is corrected if the sum of percentages
used by repeated loadings over the design life is under 100

percent.

2.5.3 AASHO Interim Guide Method

The results of AASHO Road Tests studied from 1958 to
1960 provided the basis for this method of pavement design
and is the method used by most states for actual design or
to verify standards (37). Basic design procedure incor-
porates the use of nomographs (Figure 2-11 and 2-12) which

represent the equation developed from strain measurements

and condition determinations during the study period (1).
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Table 2-25. Stress Ratios and Allowable Load Repetitions.
(Source: Portland Cement Association)(7)

Stress Allowable Stress Allowable
Ratio Repetition Ratio Repetition
0.51 400,000 0.69 2,500
0.52 300,000 0.70 2,000
0.53 240,000 0.71 1,500
0.54 180,000 0.72 1,100
0.55 130,000 0.73 850
0.56 100,000 0.74 650
0.57 75,000 0.75 490
0.58 57,000 0.76 360
0.59 42,000 0.77 270
0.60 32,000 0.78 210
0.€1 24,000 0.79 160
0.62 16,000 0.80 120
0.63 14,000 0.81 90
0.64 11,000 0.32 70
0.65 8,000 0.83 50
0.66 6,000 0.84 40
0.67 4,500 0.85 30
0.68 3,500 -——-- --
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Use of the nomographs requires an evaluation of the follow-
ing parameters:

1. Expected terminal serviceability index (P,).

2. Equivalent 18-kip single-axle loads over the
design life of the pavement.

3. Modulus of subgrade reaction (k) as previously
defined.

4. The working stress (f,) in the concrete. An
empirical ft value of 0.75 times the modulus of rupture

of the concrete was established from road test results.



CHAPTER TIII

RESEARCH MATERIALS AND MIX DESICGN

The materials obtained for research were strictly re-
lated to recycling an existing PCC highway pavement for the
purpose of using the material in the mix for the new pave-
ment surface. Mix design procedure followed, as closely as

possible, Michigan Department of Transportation methods (31).

3.1 Component Materials

In order to provide a valid correlation in research
data, it was considerecd necessary to collect a sufficient
quantity of materials required to complete all phases of
the research process. Background information relative to

the materials used was also considered necessary.

3.1.1 Materials for Pecycling

One of the main purposes of this research was to pro-
vide a basis for determining, as closely as possible, the
characteristics of recycled aggregates under field condi-
tions. In addition, another purpose was to devise a method
of predetermining material properties for design purposes.

PCC Material

The Michigan Department of Transportation has been

involved in a major pavement joint repair program in recent

55
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years. In this process, pavement sections surrounding
transverse joints experiencing mechanical failure (Figure
3-1) are removed (Figure 3-2) and replaced with a quick-

set concrete patch. Waste materials are normally hauled to
a fill site. A project of this type was completed in 1979
on a section of I-96 between Novi and New Hudson in Michigan.
The waste concrete was disposed of in a nearby abandoned
gravel pit area where a pond was being filled (Figure 3-3).
Three slab sections of this material were selected for
research.

In order to simulate procedures normal to those re-
quired to completely remove an existing pavement, the
sections were broken into maximum three-foot square pieces
(Figure 3-4). It was observed that most of the temperature
reinforcement present in the slabs broke along the lines of
fracture in the concrete. The material was then loaded and
hauled to a crushing operation in Detroit. Prior to the
breaking operation, two representative six-inch cores were
drilled from each slab (Figure 3-5). Material from this
source was designated as A for the broken material and A-1
for the cores.

Six cores were also taken from a section of I-94
Business Loop near Battle Creek, Michigan to provide cor-
relation. These were designated material B. In addition,
twelve cores were obtained from a section of I-94 near

Jackson, Michigan. This pavement had a nominal three-inch
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Figure 3-1. Typical Transverse Joint Failure

Figure 3-2. Removal of Slab Sections for Joint Repair.
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Figure 3-3. Disposal Site for Waste Pavement Sections.

Figure 3-4. Breaking Pavement Slabs for Research Material.
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Figure 3-5. Coring Pavement Slabs.

bituminous concrete overlay. Since it was intended to
utilize bituminous concrete material as part of this re-
search, six of the cores with the overlay removed were
designated aggregate material C and those with the over-
lay as C-1.

The original Portland cement concrete mixes for all
of the indicated sources were made with natural gravel and
sand conforming to the grading requirements listed in
Tables 3-1 and 3-2. The two grades of coarse aggregate
were proportioned on the basis of 50 percent each by weight.
Basic mix design was for 5-1/2 sacks of cement per cubic
yard with air entrainment (31,532,33) . Background histories

for each source are given in Table 3-3.
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Table 3-1. Gradation Requirements for Coarse Aggregates
Used in Source Material for Recycling. (Source:
1942 and 1950 Standard Specifications for Road and
Bridge Construction, Michigan State Highway Department)

Sieve Michigan Grade 4A Michigan Grade 10A
¥, Passing / Passing

2-1/4" 100

2" 95-100

1-1/2" 65-90 100

1" 10-40 95-100

1/2" 35-65

3/8" 0-5

#4 0-8

Table 3-2. Gradation Requirements for Fine Aggregate Used
in Source Material for Recycling. (Source: 1942 and
1950 Standard Specifications for Road and Bridge Con-
struction, Michigan State Highway Department)

Michigan Grade 2NS

Sieve 7. Passing
3/8" 100

#b 95-100
#8 €5-95
16 35-75
#30 20-55
#£50 10-30
#100 0-10

L.B.W. 3 maximum
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Field Crushing

Facilities at Michigan Crushed Cor.crete, Inc. were
used to crush the broken concrete material from the I-96
location. Normal operations at this company are to crush
concrete debris and sell the resulting material for various
uses. Operational steps are:

Step 1. Material is dumped into an apron feeder
(Figure 3-6) leading to a Hewitt-Robins 22 X 48 primary
jaw crusher which reduces the material to a 5-inch maxi-
mum size.

Step 2. Unwanted material such as wood and steel
(Figure 3-7) is hand picked. Pieces of steel getting by
this point are removed by a magnet (Figure 3-8) from the
top of the belt taking the crushed product to a double deck
screen.

Step 3. Material in excess of 2-1/2 inches is scalped
and fed into a Hewitt-Robins 12 X 48 secondary jaw crusher.
All material passing the 2-1/2 inch screen is separated
into the minus 1-1/2 inch and 1-1/2 to 2-1/2 inch sizes on
a set of the double deck screens. Material from the second-
ary crusher is returned to the screening process.

Step 4. The two sizes are independently stockpiled
by radial stackers.

Inasmuch as the debris normally crushed at this facil-
ity contains topsoil and other objectionable materials,
equipment was thoroughly cleaned before crushing the re-

search material. Economics did not provide for changing
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Figure 3-6. Charging Apron Feeder at Michigan Crushed
Concrete, Inc.

Figure 3-7. Hand-Picking Steel and Other Material from
Crusher Belt at Michigan Crushed Concrete, Inc.
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Figure 3-8. Removal of Steel from Crusher Belt by Magnet
at Michigan Crushed Concrete, Inc.

the screening process to provide a more suitable grading.
All crushed material was caught at the point of discharge
from the radial stackers and placed in a hauling unit for
transport to the writer's residence. Here, sufficient
material was bagged for transport to the laboratory.
Approximately four cubic yards of material for research

resulted from this procedure.

3.1.2 Bituminous Material

Bituminous concrete overlay materials which had been
roto-milled from a project on U.S. 12 near Inkster, Michigan,
and stockpiled at an asphalt plant, provided the materials

required for this project. The overlays were placed in
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successive layers in 1953 and 1972 and were, therefore,
considered appropriate. This material was designated as

Code E.

3.1.3 Fine Aggregate

Michigan 2NS natural sand was used extensively for
this research project. Forty bags (approximately 3000
pounds) were gathered at the Morgan Sand and Gravel Company
near Brighton, Michigan to insure a sufficient quantity
for uniformity of test results. This type of sand results
from the disintegration of rocks as part of the erosion and
weathering process and is the material used for, virtually,
all concrete construction purposes in the State. The mate-
rial was considered similar to those used in the mixes for

the original concrete used for recycling.

3.1.4 Control Coarse Aggregate

Since it was desirable to use a coarse aggregate simi-
lar to those used in the mixes for concrete to be recycled,
natural gravel meeting the requirements of Michigan speci-
fications 6A was selected for the control mix. These
gravels are, largely, metamorphic in nature, and contain a
variety of base materials. The aggregate gradings used in
the original mix were no longer available. The source of
coarse aggregate used for this research was the L.W. Hall
Pit near St. Johns, Michigan. Sufficient quantities were
obtainable at the Michigan Department of Transportation lab-

oratory to make the necessary batches.
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3.1.5 Cement

Cement used for this project was Peerless Portland
Cement Type I-A meeting the requirements of Michigan speci-
fications which state this material must meet ASTM Standards
C150 and C359. Type I-A cement is designed to provide air-
entrainment for concrete, but normally requires the addi-
tion of an air-entrainment agent to provide satisfactory
levels.

Arrangements were made with the Peerless Cement
Company in Detroit, Michigan to provide twenty bags (1880
pounds) of cement from a single manufacturing batch. Re-
presentative samples were obtained from these bags and
tested for uniformity and specification requirements by
the company. The cement was stored in plastic bags for
the period of fesearch to avoid the possibility of pre-

mature hydration.

3.2 Concrete Mix Design Used for Research

As previously discussed, the Michigan Department of
Transportation uses a variation of the mortar-void method
for the design concrete mixtures which is closely related
to the absolute volume method (31). Since this work was
also related to practices in Michigan, it was decided to
use the absqlute volume method adjusted for empirical fac-
tors relevant to current practices in Michigan.

Most major paving projects in Michigan are accomplished

with the use of slipform pavers. Assuming a recycling
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project would be considered major, the concrete mix was

designed accordingly.

3.2.1 Mix Design Procedure

Review of previous mix designs for slipform paving
in Michigan resulted in a determination that the average
water-cement ratio used was approximately 0.43. In addition,
the cement factor is specified as 6 sacks per cubic yard
(564 1b.), the workability factor (b/bo) as 0.72, and air
content as 5.5% * 1.5%. Design is based on the bone-dry
weights of aggregates and on one yard of concrete (31).

Using this information, put into formula form, the

mix design for this research was:

Wb = b/bo'V-Yb (3'1)

Yy = Weight per cubic foot of the coarse aggre-

gate in a loose, bone-dry condition.

Vy = — b (2-3)
GpYw
W
vV, = e 2-4
¢ Gch ( )
W, = W/C'W, (3-2)
W
v, = Y (2-5)
w Yw

<
>

]

=

(2-6)
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Va=V -Vb-Vc-Vw-V)\ (2'7)
Wg = Vg Gg Yy (2-8)

The total water (th) required for the mix was deter-

mined by the absorption of the aggregates from:
"Jwt = Ww + AaWa + Ab‘ﬂb (3'3)

where :

A
a

The percent absorption of the fine aggre-
gate;
Ay = The percent absorption of the coarse

aggregate.



CHAPTER IV

AGGREGATE PROPERTIES

Research test methods were in accordance with ASTM
standard procedures (5). Certain modifications to these
procedures, as arplied by the Michigan Department of Trans-
portation, were considered appropriate. Recycled aggregates
were treated in the same manner as conventional aggregates
for all experiments. Procedures are enumerated in the
following standards or discussed as required:

1. Bulk Specific Gravity (G,) and Percent Absorption
(A,) of Fine Aggregate - ASTM C 128-73 Modified.

2. Bulk Specific Gravity (Gy) and Percent Absorption
(Ap) of Coarse Aggregate - ASTM C 127-77 Modified.

3. Deleterious Particles in Coarse Aggregate - Michi-
gan Methods.

4. Fineness Modulus (FM) of Fine Aggregate - ASTM
C 125-76.

5. Materials Finer Than Number 200 Sieve Lty Washing
(LBW) - ASTM C 117-76.

6. Organic Impurities in Saﬁd For Concrete - ASTM
C 40-73.

7. Salt (NaCl) Content in Portland Cement Concrete -
Michigan Methods.

69
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8. Sieve or Screen Analysis of Fine and Coarse
Aggregate - ASTM C 136-76.

9. Soundness of Aggregates by Use of Magnesium Sul-
fate - ASTM C 88-76.

10. Unit Weight of Coarse Aggregate (Y;) - ASTM
C 29-78.

Inasmuch as specifications relative to aggregate pro-
perties vary from state to state, and because the basic
research materials are peculiar to the State of Michigan,
experimental results are compared to Michigan Department

of Transportation specifications (35).

4.1 Material Preparation and Gradation

The preparation of recycled aggregates for use in ex-
perimental concrete mixes, and for test samples, approximated

field crushing operations as closely as possible.

4.1.1 Field Crushed PCC Slab Sections

Three samples representing the crushed slab sections
(Aggregate material Code A) were reduced to a workable size
using a standard sample splitter. The reduced samples were
then tested for gradation using standard sieves. Results
(Table 4-1) indicate a degree of uniformity between samples.
Since the larger aggregate particles were considered too
large for use in normal pavement concrete, it was necessary
to recrush these particles in the laboratory.

A procedure was devised to simulate a field crushing

operation where material exceeding a nominal one inch
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Table 4-1. Crusher Run Gradations for Recycled I-96 Slab

Sections - Cumulative Percent Passing.

Sieve Sample Number
1 3 Average

2-1/2" 100 100 100 100
1-1/2" 97 97 26 97
1" 67 63 74 68
3/4" 51 47 60 53
1/2" 30 30 40 34
3/8" 24 22 30 26
#4 12 12 15 13
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maximum size is scalped after primary crushing and recrushed
in a secondary crusher. Individual steps in this procedure
are:

Step 1. Recycled aggregate is graded through a Gilson
mechanical grader (Figure 4-1).

Step 2. All material retained on the one inch screen
is rembved and recrushed in a Denver 5 X 6 inch laboratory
jaw crusher (Figure 4-2).

Step 3. The recrushed material is then returned to
the Gilson grader and processed with the rest of the sample.

For the three samples used in the initial analysis,
weights retained on each screen size were used to determine
gradations. Material nassing the number four (#4) sieve
size was separated as fine aggregate and was, therefore,
not included in the calculations for the coarse fraction.
Gradation test results (Tables 4-2 and 4-3) for both the
coarse and fine fractions resulting from this procedure
show that the material maintained the same degree of uni-
formity as the original sample.

Graphing cumulative percents passing on special graph
paper should produce a straight line for a perfectly well-
graded aggregate. For this material, the coarse and fine
fractions were fairly well graded (Figure 4-3).

Approximately 4000 pounds of the crushed slab material
was processed in exactly the same manner. Each sieve size
was bagged separately to provide material for controlled

proportioning of the various sizes. The procedures
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Figure 4-1. Gilson Mechanical Grader

Figure 4-2. Denver Jaw Crusher



Table 4-2.
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Coarse Fraction Cradation Test Results for

Three Samples of Recycled PCC Aggregate A - Cumulative
Percent Passing.

Sieve Sample Number
1 2 3 Average

1-1/2" 100 100 100 100

1" 99 96 a8 98
3/4" 75 73 80 76
1/2" 41 42 4é 43
3/8" 24 24 25 25

#4 Min. Min. Min. Min.
LBW --- --- --- 0.5%
Passing #4%** 18 20 20 19

* Average for materials from each sample.

**Aggregates were split at the {4 sieve and not included in
the calculations for the coarse fraction.
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Table 4-3. Fine Fraction Gradation Test Results for Three
Samples of Recycled PCC Aggregate A - Cumulative
Percent Passing.

Sieve Sample Number

1 2 3 Average
3/8" 100 100 100 100
#4 100 99 99 99
#8 63 62 60 61
#16 42 40 38 40
#30 30 28 27 28
#50 20 18 18 19
#100 12 12 12 12
LBW 6.3 6.7 6.9 6.6

FM 3.34 3.42 3.47 3.41
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described in this section were established as a standard
for the preparation of all recycled materials used for re-
search experiments. Nine pieces of temperature steel rang-
ing in length from three to nine inches were found in the
entire grading process. In addition, visual observations
during grading were that there were random particles of

asphalt joint patching material present in the samples.

4.1.2 PCC Pavement Cores

PCC pavement cores (Aggregate material codes A-1, B,
and C) obtained from previously described locations were
first tested for compressive strength (Table 4-4). The
resulting core fragments were then crushed in the Denver
jaw crusher simulating primary field crushing. After this
initial crushing, exactly the same procedures as those used
for the crushed slab sections were followed.

Table 4-4. Average Compressive Strengths of PCC Pavement
Cores from Various Locations.

——
—

Aggregate Code Compressive Strength, psi
A-1 5990
6500

C 5860
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4.1.3 Laboratory PCC Test Beams

In order to investigate a case where aggregates are
produced from concrete originally made with recycled aggre-
gates, in other words a ''re-recycled" aggregate, twelve lab-
oratory test beams, cast from concrete containing Aggregate
A for the coarse aggregate and varying proportions of PCC
and natural fines, were crushed using the established pro-
cedure. This material was coded as Aggregate D.

The beams had experienced 350 cycles in the freeze-
thaw chamber used for durability tests and were, therefore,
considered a valid approximation of concrete exposed to ex-
treme temperature differentials. The crushed particles
exhibited the same shape characteristics as the other re-
cycled PCC aggregate, although it was difficult to identify
the natural aggregates used in the original concrete.

Gradations for all of the aforementioned crushed PCC
aggregates are shown in Table 4-5 and 4-6. Graphs of the
fine and coarse fractions indicated nearly identical crush-

ing characteristics (Figure 4-4).

4.1.4 Other Research Aggregates

Other aggregate materials of a recycled nature were
processed in the same manner as PCC materials. Conventional
sampling and test methods were used to determine the pro-
perties of the natural gravel and sand used for the experi-

ments.
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Table 4-5. Gradations of Coarse Recycled PCC Aggregates -
Cumulative Percent Passing.

Sieve Aggregate Code
A* A-1 B C D

1-1/2" 100 100 100 100 100
1" 98 98 98 97 100
3/4" 76 74 76 77 80
1/2" 74 36 36 36 40
3/8" 25 19 21 20 23
#a Min. Min, Min. Min. Min.
LBW 0.5 0.4 0.5 0.4 0.3
Passing #4%* 20 15 16 17 21

* Average of three samples.
**Aggregates were split at the #4 sieve and not included
in the calculations for the coarse fraction.



Table 4-6.
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Gradations of Fine Recycled PCC Aggregates -
Cumulative Percent Passing.

Sieve Ak ) Aggreggte Code c D
3/8" 100 100 100 100 100
4 99 99 99 99 100
#8 61 62 68 72 71
#16 40 38 46 48 48
#30 28 26 32 32 33
#50 19 17 19 20 22
#100 12 10 10 12 15
LBW 6.6 5.6 4.1 5.8 9.1
FM 3.41 3.48 3.25 3.16 3.11

*Average of

three samples.
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PCC Pavement Cores with Rituminous Overlay

PCC Pavement cores with a nominal three inches of bitu-
minous concrete overlay (Aggregate material code C-1) were
crushed to determine the resulting proportions of each mater-
ial in the coarse and fine aggregate fractions.

The bituminous concrete was approximately 25 percent of
the total core volume. Only 17 percent of the total crushed
material on and above the #4 sieve contained bituminous con-
crete particles of which a major proportion were natural
aggregate particles with thin coatings of bitumen.

Crushed Bituminous Concrete

The crushed bituminous concrete (Aggregate material
code E) exhibited the same characteristics as the overlay
material crushed with the pavement cores in that more mater-
ial passed the #4 sieve than the plain crushed PCC. 1In
addition, much of the coarse fraction materials were natural
aggregates with minimal coatings of bitumen. All materials
passing the #4 sieve were thoroughly coated.

Natural Aggregates

A representative sample of the natural sand (Aggregate
code 2NS) from the lot used for this research was tested and
considered a constant. The coarse gravel (Aggregate code 6A)
was tested for physical properties, only, since mix propor-
tioning was based on a standard gradation.

Cradations for aggregate materials discussed in this
section are shown in Tables 4-7 and 4-8. Current Michigan

Department of Transportation gradation limits (35) for fine
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Table 4-7. Gradations of Various Coarse Aggregates Used
for Research - Cumulative Percent Passing.

Sieve Cé%gregate Codg

1-1/2" 100 100
1" 99 100
3/4" 80 90
1/2" 39 67
3/8" 23 44
ith Min. Min.
LBW -— -———
Passing #4%* 18 31

*Aggregates were split at the #4 sieve and not included in
the calculations for the coarse fraction.
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Table 4-8. Gradations of Various Fine Aggregates Used for
Research - Cumulative Percent Passing.

Sieve Aggregate Code

C-1 E 2NS
3/8" 100 100 100
#4 100 100 99
#8 69 57 84
#16 42 32 60
#30 24 19 38
#50 13 9 13
#100 7 3 3
LBW 2.5 -——- 0.6

FM 3.44 3.80 3.02
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and coarse aggregates used in concrete mixtures for pave-

ments are shown in Tables 4-9 and 4-10.

4.2 Physical Properties of Research Aggregates.

In order to simplify the identification of the research
aggregates, a recapitulation of aggregate material codings
and sources is offered in Table 4-11. Experimental pro-
cedures not covered by ASTM standards (5) or those of special

interest are discussed in the following sectiomns.

4.2.1 Deleterious Particles in Coarse Aggregate.

Michigan Department of Transportation methods (35) were
used to evaluate the percentage of aggregate particles con-
sidered detrimental to concrete quality and durability. In
this method, all aggregate particles retained on and above
the 3/8 inch sieve during gradation testing are visually
inspected for a determination of aggregate type. Percentages
of deleterious particles are based on the fractional weight
of total aggregates used in the analysis.

Using this method for recycled PCC aggregate, the total
weight of crushed PCC particles containing any evidence of
an exposed deleterious aggregate was included in the calcu-
lated percentages.

The major concentrations of deleterious substances in
Michigan natural aggregates are chert and soft particles
including friable sandstone, siltstone, shale, ochre, and

clay ironstone.
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Table 4-9. Michigan CGradation Limits for Coarse Aggregates
Used in PCC Mixes for Pavement - Cumulative Percent
Passing. (Source: 1979 Standard Specifications for
Construction - Michigan Department of Transportation)

Michigan Sieve
Series Class 1-1/2" 1" 1/2" {4 LBW
6 A 100 95-100 30-60 0-8 1.0 max.*

*Loss by washing of 2.0 percent permitted for material pro-
duced entirely by crushing rock, boulders, cobbles,
or slag.
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4.2.2 Bulk Specific Gravity and Percent Absorption of

Coarse Aggregate.

In order to provide a comprehensive investigation of
these properties in recycled PCC, tests were made on each
size fraction of Coarse Aggregate A. Test results were
weighted on the basis of average percentage retained on

each sieve size using the following formulae (5):

1

Gb = P (4'1)
Pr v B2 44y n
100G, 100G, 100G,
where:
Gy, G2, ... G, = Appropriate specific gravity

values for each size fraction;

P1, P2, ... P, = Weight percentages of each size

fraction present in the original sample.

and:
Ap = Ba81 4 Palp 4 oy Pphy (4-2)
100 100 100
where:
Ay, A,, ... A, = Absorption percentages of each

size fraction in the original sample.

Test results for each size fraction are shown in Table
4-12. A visual examination of the aggregates at each sieve
size resulted in a determination that the top-size material
contained a larger proportion of unbonded and crushed natural

aggregate than the material retained on the smaller sizes.
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Table 4-12. Weighted Bulk Specific Gravity (G,) and Percent
Absorption (Ab) of Recycled PCC Coarse Aggregate A.

Sieve Percent Retained Gp Ay
1" 2 2.52 2.54
3/4" 22 2.36 3.98
1/2" 33 2.34 4.50
3/8" 18 2.29 5.34
#4 25 2.23 6.50
Weighted

Average 2.31 5.00
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The aggregates retained on the #4 sieve were mostly crushed

mortar particles.

4.2.3 Salt Content (NaCl) of Portland Cement Concrete.

Because the Michigan Department of Transportation uses
large amounts of rock salt as a deicing agent for highways,
there was a concern that detrimental amounts of sodium
chloride may have infiltrated the PCC material used for re-
cycling.

Test methods used by the Michigan Department of Trans-
portation (20) to determine damaging amounts of salt, in
pounds per cubic yard, in bridge deck concrete were con-
sidered appropriate for this research.

Michigan specifies that when the salt content of bridge
deck concrete exceeds four pcunds per cubic yard, the con-
crete should be removed and replaced with new concrete. In-
asmuch as test results (Table 4-13) for the recycled PCC
used in this research were well under the specified amount,
this factor was not considered significant. This is espe-
cially true considering that the transverse joints in the
pavement slabs (Aggregate A) would contain the highest con-

centrations of salt.

4.2.4 Experimental Results for Aggregate Properties.

The results of various experimental rests for all re-
search aggregates are shown in Tables 4-14 through 4-16.
Test results are compared to Michigan Department of Trans-

portation specifications where applicable.
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Table 4-13. Salt Content (MaCl) of Recycled PCC Aggregates.

Aggregate Code NaCl, 1b./yd?
A* 1.89
A-1 1.72
1.72
C 1.72
D 1.03

*Average of three samples.



Table 4-14.

of Transportation Specifications.
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Deleterious Particles in Ccarse Aggregates
Used for Research Compared to Michigan Department

Percent Soft Percent

Aggregate Code Particles Chert Sum
A* 0.7 0.5 1.2
A-1 0.6 0.5 1.1
B 1.5 1.0 2.5
C 1.3 2.9 4.2
c-1 0.9 0.8 1.7
D Negligible Negligible -——-
E Negligible Negligible -—-
6A 2.4 4.3 6.7

MDOT Specifications 2.5 max. -——— 9.0 max.

*Average of three tests.
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Coarse aggregates produced by crushing Portland cement
concrete were superior to the control natural gravel in
those tests designed to evaluate the possible effect of
aggregate properties with respect to the durability of con-
crete. Recycled PCC fine aggregate properties were essen-
tially comparable to the durability properties of the con-
trol natural sand.

The extremely high absorptions and low specific grav-
ities of Aggregate D are assumed to result from the fact
that the aggregate particles were, mainly, crushed mortar
containing progressively higher percentages of entrained

air.



CHAPTER V

CONCRETE PROPERTIES

Experimental procedures to determine the properties of
fresh and hardened recycled aggregate concrete, as well as
for control mixes, were accomplished according to the follow-
ing standards:

1. Air Content of Freshly Mixed Concrete by the
Volumetric Method - ASTM C 173-78.

2. Capping Cylindrical Concrete Specimens - ASTM
C 617-76.

3. Compressive Strength of Cylindrical Concrete
Specimens - ASTM C 39-72.

4. Concrete Test Specimens, Making and Curing in the
Laboratory - ASTM C 192-76.

5. Flexural Strength of Concrete (Using Simple Beam
with Center-Point Loading) - ASTM C 293-68.

6. Fundamental Transverse and Torsional Frequencies
of Concrete Specimens - ASTM C 215-60.

7. Resistance of Concrete to Rapid Freezing and Thaw-
ing - ASTM C 666-77.

8. Slump of Portland Cement Concrete - ASTM C 143-74.

9. Unit Weight and Yield of Concrete - ASTM C 138-77.

97
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5.1 Aggregate Proportions for Experimental Mixes

The main emphasis of this research was to determine
the effects of using the various components of recycled
aggregates, resulting from crushing surfacing concrete found
in existing pavements, on the properties of concrete and
pavement design. In this respect, research aggregates were
proportioned on the basis of crushing pavement concrete

peculiar to actual field conditions.

5.1.1 Recycled PCC Apgregate

As a result of determining the proportions of fine and
coarse aggregates required for mix design compared to the
percentages of these aggregates resulting from the crushing
process, it was determined that approximately 30 to 35 per-
cent of the fine aggregate, necessary to utilize all of the
coarse aggregate produced, would be available in the crusher
fines. Therefore, additional fines in the form of conven-
tional aggregate would have to be provided.

Since it was previously determined that the coarse and
fine fractions of recycled PCC aggregate should be split
and stockpiled separately to avoid segregation problems, a
number of options concerning the ratios of recycled and
natural fines used in mix proportioning were considered.
These options could range from using all crushed PCC fines
to all natural fines in combination with 100 percent crushed
PCC coarse aggregate if concrete quality permitted.

Recycled Aggregate A from the crushed slab sections

was used, extensively, as a standard for experiments to
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determine concrete properties related to varying the pro-
portions of recycled PCC crusher fines with conventional
fines.

Crushed Pavement Cores and Test Beams

Individual concrete batches made with aggregate result-
ing from crushing PCC pavement cores were used as a check
against the standard mix. Concrete made with aggregate from
the crushed laboratory beams provided an initial investiga-
tion to determine if concrete made with recycled aggregates
could be recycled again in the future.

Percentages of the volumes of coarse and fine aggre-
gates used in the recycled PCC concrete mixtures are identi-

fied by batch series and aggregate code in Table 5-1.

5.1.2 Recycled PCC in Combination with Bituminous Concrete

Because of conflicting reports concerning the detri-
mental effects of overlayment materials on concrete quality
(3) and the entrainment of air in fresh concrete (3,19),
mixes were designed incorporating various amounts of crushed
bituminous concrete.

Bituminous concrete overlays in Michigan are normally
1-1/2, 2-1/2, and 4 inches in depth. Calculated on the
basis of these overlay depths on a nine inch PCC pavement,
volume percentages are 14.3, 21.7, and 30.8 percent respec-
tively. Volume percentages of aggregates used in concrete
batches made with combinations of crushed bituminous and

PCC materials are shown in Table 5-2.
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Batch series 11 and 12 were designed to test the effect
of bituminous materials on air entrainment, therefore, bitu-
minous fines were combined with natural fines, only, so that
the possible effects of PCC fine aggregate on air entrainment
are deleted. This combination would not be present under
normal field conditions. Batch series 18 using 100 percent
crushed bituminous concrete was designed for informational
purposes only.

The concrete mix designs discussed in this section pro-
vided the basis of an initial investigation of the properties
of concrete containing the stated proportions of aggregates

and were not intended as part of a comprehensive study.

5.2 Laboratory Procedures for Test Batches.

The procedures to prepare, proportion, weigh, and mix
materials for concrete test batches closely followed those

outlined in ASTM C 192-76.

5.2.1 Material Weighing and Preparation.

Coarse aggregates were proportioned on the basis of
the average percent retained on the various sieve sizes from
gradation tests for Aggregate A (Table 5-3). Weights for
each size fraction were corrected for moisture content and
weighed cumulatively. In order to assure complete absorp-
tion, the individual aggregate sizes were recombined in tared
containers and immersed in water for a minimum of 24 hours.
Prior to use in a mix, excess water was decanted, the aggre-
gate reweighed, and appropriate corrections made for mixing

water.
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Table 5-3. Average Percent Retained on Each Sieve Size
For Aggregate A.

Sieve 1" 3/4" 1/2" 3/8" #4
Percent
Retained 2 22 33 18 25

Fine aggregates were proportioned in their original
gradations. After weighing, enough water was added to the
material to allow for absorption. The same procedure as
that used for the coarse aggfegate was followed before us-
ing the material in a concrete mixture.

Both the cement and mixing water were proportioned by

weight.

5.2.2 Research Mix Design

The basic concrete mix design used for all experiments
is outlined in Chapter III. The following factors were
held constant:

1. Water-Cement Ratio (W/C) = 0.43

2. Cement Factor, per cubic yard = 6 sacks (564 1b.)

3. Coarse Aggregate Workability Factor (b/b)) = 0.72

4. Percent Entrained Air () = 5.5 + 1.5

A standard laboratory batch size of 1.4 cubic feet
was sufficient for fresh concrete tests and for making the
necessary test specimens. This batch size provided for 15
percent extra volume for uniformity in sampling and waste.

Concrete used for slump and unit weight determinations was
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remixed with the batch and used for test specimens.

5.2.3 Mixing Experimental Batches

Concrete batéhes were mixed in a laboratory pan mixer
(Figure 5-1) large enough to mix an entire batch. The pan
and mixing blades were '"buttered" before the introduction
of batch material to allow for the loss of any mortar adher-
ing to the mixer. The sequences stated in the standards (5)
for the introduction of materials and mixing times were

followed as closely as possible.

5.3 Properties of Fresh Concrete.

Tests to determine slump, air content, yield, and tem-
perature were made for each experimental batch upon comple-
tion of mixing. A Soiltest Roll-a-meter (Figure 5-2) was
used for determining air contents because of the relatively

high absorptions of the recycled PCC aggregates.

5.3.1 Workability

Although the workability of fresh concrete is difficult
to define unless this factor is determined under the field
conditions in which the concrete is to be used, an attempt
was made to identify the finishing and consolidation pro-
perties of recycled aggregate laboratory mixtures. Inas-
much as the equipment used in a normal paving operation
would include combinations of multiple vibrators, floats,
and screeds capable of consolidating and finishing harsh ccn-

crete mixes, laboratory observations are of minimal value.



Figure 5-1. Laboratory Pan Mixer

Figure 5-2. Roll-A-Meter for Volumetric Air Tests
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5.3.2 Test Results for Fresh Concrete

Average test results and observations related to the
properties of fresh concrete made with recycled PCC and
control aggregates are shown in Table 5-4. The properties
of mixes containing proportions of crushed bituminous con-
crete are shown in Table 5-5.

Table 5-6 shows the relationship of the percentage of
entrained air to varying amounts of air entraining admix-
ture added to concrete mixes containing bituminous material.
It was determined that concrete containing the stated mater-
ials will react normally to the addition of air entraining

admixtures as indicated in Figure 5-3.

5.4 Properties of Hardened Concrete

Test specimens to determine the properties of hardened
concrete were made from each experimental batch in the quan-
tities shown in Table 5-7. A total of 380 individual tests

were completed to provide comprehensive research data.

5.4.1 Curing Test Specimens

Test specimens were removed from the molds the day
following mixing the concrete and stored in saturated-lime
water for seven days. Specimens not subject to 7-day test-

ing were stored in an approved moist room (5) until tested.
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Table 5-6. Air Contents of Concrete Made with Proportions
of Recycled PCC and Bituminous Concrete.

Batch o Vinsol* Air

Identification Resin Content
11A 30 8.2
11B 10 4.8
11C 15 6.8
12A 20 7.7

*In cubic centimeters per 1.4 cubic foot batch.

Table 5-7. Number of Test Specimens Made for Each
Experimental Batch.

Quantity Type Purpose

5 3 X4 X 16 inch beams For flexural strength
tests, freeze-thaw tests,
and the determination of
dynamic moduli.

6 4 X 8 inch cylinders For compressive strength
test.
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Figure 5-3. Air Contents of Concrete, Containing Propor-
tions of Crushed Bituminous Concrete for Aggregate
with the Addition of Various Amounts of Air Entraining
Admixture.
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5.4.2 Compressive (f)) and Flexural (MR) Strengths

Concrete test cylinders and beams were tested at 7 and

28 days. Test results are shown in Tables 5-8 and 5-9

where:

£, = P/A (5-1)
where:

P = Total load at failure, 1lb.;

A = Cross sectional area of the cylinder, in?.
and:

MR = 3P1/2bd? (5-2)
where:

1 = Span length, in.;

b = Average width of beam specimen, in.;

d = Average depth of beam specimen, in.

Standard deviations for 28 day strengths were within an
acceptable range for concrete tests.

The relationship of the various ratios of recycled PCC
and natural fine aggregates used in the standard mix to con-
crete strengths are illustrated in Figures 5-4 and 5-5. Both
cases indicated that maximum strengths were achieved when re-
cycled PCC was incorporated as part of the total fine aggre-
gate in a concrete mixture.

The Michigan Department of Transportation specifies
minimum 28-day compressive and flexural strengths of 3500 psi

and 650 psi, respectively, for pavement concrete design.
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Figure 5-4. The Effects of the Percent of Recycled PCC
Fine Aggregate, in Total Fine Aggregate, on Compressive
Strength.
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Strength.
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5.4.3 Sonic Testing.

A Soiltest CT - 366C Sonometer (Figure 5-6) was used
to determine the fundamental transverse and torsional fre-
quencies of test beam specimens from each experimental con-
crete batch. In this test, a specimen's mechanical resonant
frequency is determined by driving it with sound vibrations
from a known frequency source and varying the frequency
until a resonant condition is achieved.

Durability Factor (DF)

Test beams were exposed to 300 freeze-thaw cycles in
accordance with Procedure B stated in ASTM C 666-77. This
procedure specifies that the test specimens must be com-
pletely surrounded by air during the freezing phase of the
cycle and by water during the thawing phase while in the
freezing-and-thawing apparatus (Figure 5-7). The dura-

bility factor is calculated from:

P.= (n1%?/n%?) X 100 (5-3)

dJ
Q
I

= Relative dynamic modulus of elasticity after
e cycles of freezing and thawing, percent;

n = Fundamental transverse frequency at 0 cycles
of freezing and thawing;

n, = Fundamental transverse frequency after ¢

cycles of freezing and thawing.
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Figure 5-6. Soiltest CT 366C Sonometer.

Figure 5-7. Freeze-Thaw Chamber.
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and:

DF

PN/M (5-4)
where:

DF

Durability factor of the test specimen;

P = Relative dynamic modulus of elasticity at
N cycles, percent;

N = Number of cycles at which P reaches the speci-
fied minimum value for discontinuing the test or the speci-
fied number of cycles at which the exposure is to be ter-
minated, whichever is less;

M - Specified number of cycles at which exposure
is to be terminated.

The Michigan Department of Transportation specifies a
minimum durability factor of 20 for concrete made with vari-
ous aggregates. A minimum P value of 70 and M value of 300
is also specified. The durability factors for concrete
made with the recycled aggregates in this research were
exceptionally high (Table 5-10).

Dynamic Young's Modulus of Elasticity (E) and Poisson's

Ratio (u)

These dynamic values were calculated from the funda-

mental transverse and torsional resonant frequencies of beam

specimens using the following formulae:

Dynamic E = CWn?2 (5-5)
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Table 5-10. Durability Factors (DF)* for Research Mixes.

Batch Durability Batch Durability
Series Factor Series Factor
1 99 10%* 81
2 99 11 101
3 100 12 100
4 98 13 101
5 99 14 98
6 105 15 99
7 95 16 93
8 97 17 99
9 95 18*** 37

* Tests started at 14 days of age.

*% Control Mix

***Concrete using all crushed bituminous concrete for
aggregates - Tested for information.
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where:

W

Weight of specimen, 1b.;

Fundamental transverse frequency, Hz.;

0.00245 L3T/bt?;

n
C

L = Length of specimen, in.;

t,b = Dimensions of the cross section of the
beam, in., t being in the direction in which it is driven;

T = A correction factor (ASTM C 215-60)

and:

Dynamic u = (E/2G) - 1 (5-6)
where:

G = BW (n")?;

B = 4LR/gA;

R = A shape factor (ASTM C 215-60);

g = Gravitational acceleration (386.4 in/sec?);

A = Cross sectional area of specimen, in?;

n"= Fundemental torsional frequency.
Test results for selected specimens (Table 5-11) were

in the normal range for saturated concrete.
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Table 5-11. Dynamic Young's Modulus of Elasticity (E) and
Poisson's Ratio (u) for Selected Research Test
Specimens.

Batch E,psi Batch E,ps

Ident. 10X°® u Ident. 10X°© u

1D 4.48 0.18 10B* 5.81 0.20
2B 4.69 ---- 11A 4.44 0.23
3A 4.97 -—-- 12A 4.00 0.19
LA 5.30 0.20 13A 5.18 0.25
5B 4.87 -—-- 14A 4.92 0.24
7A 5.28 0.18 15A 5.11 0.27
8A 5.55 0.22 16A 4.15 0.26
9A 4.92 0.26 17A 4.97 0.18

*Control Mix



CHAPTER VI

APPLICATION OF EXPERIMENTAL RESULTS

Inasmuch as there was good correlation between various
research test results, the experimental data is considered
a valid basis for predicting the procedures required to
utilize recycled PCC in oractical field application. In
addition, the data also provides a means for evaluating
the economic and design aspects of crushing existing PCC pave-

ment and using the resulting aggregate in new concrete.

6.1 Economic Evaluation

Discussions and projections offered in this section are
related to comparing the use of a recycled PCC pavement for
concrete aggregate to furnishing new natural gravel and sand
The following assumptions are made:

1. Conditions dictate that the existing pavement sur-
face has to be removed and replaced.

2. The resulting broken PCC material is either hauled
to a dump site or recycled.

3. The crushing operation is at the project site, at
a central location, and on the same site as the concrete
batch plant.

4. A ten mile dual pavement removal and replacement
paving project.

122
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5. Pavement in each direction is 9 inches thick and

24 feet wide and has temperature reinforcement.

6.1.1 Crushing PCC for Aggregate

Figure 6-1 shows a schematic of a completely portable
crushing operation which should be capable of handling ap-
proximately 250 tons of material an hour when operating
under full capacity. Problems with steel removal may re-
duce production to 150 tons per hour.

The estimated cost of running the crushing operation
is offered in Table 6-1. Calculations were based on average
monthly rental rates and hourly operating costs (29) in ad-
dition to costs for labor. It was assumed the plant would
operate 200 hours each month.

On the basis of this estimate and assuming a practical
production rate of 150 tons per hour, a price of $2.52 was
assigned to the cost of producing one ton of recycled PCC

aggregate using a temporary field crushing setup.

6.1.2 Cost Comparisons

Costs for purchasing and hauling conventional aggre-
gates were based on an investigation of 1979 prices paid by
Michigan paving contractors. Inasmuch as there are certain
operations peculiar to the type of project being discussed,
regardless of recycling the old pavement surface or bring-
ing in new aggregate for concrete, they were not included

in the comparison. These operations are:
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Portable 30" x 48"
Jaw Crusher

/
l / Picker's Station
-—

18" Conveyor — 42" Conveyor
/ —+ . «—Cross Belt Magnet

Portable 60" x 12'

<—Double Deck Screening
Plant
Portable
48" Cone—™ -
Crusher V4
24" /

Conveyor

24" Radial Stack / \\
adia acker 18" Radial Stacker

Coarse Fine
Aggregate ——e «— Aggregate
Stockpile Stockpile

Figure 6-1. Schematic of a Portable Recycled PCC Crushing
Operation.
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Breaking and removing the existing pavement.
Adding new or reworking the old base material.
Corrections of highway geometrics.

Mixing and hauling the concrete to the project.

(O, N~ VL 2

The paving operation.

Using information gained from studying the gradation
characteristics of crushed concrete and allowing for a 10
percent loss, the final crushed aggregate product should
provide approximately 190 percent of the coarse aggregate
and 61 percent of the fine aggregate required for concrete
to replace an equal section. If all of the coarse aggre-
gate is utilized in concrete, approximately 33 percent of
the fines would be available from the crushed PCC. Calcu-
lations are based on research mix design.

Aggregate proportions for one cubic yard of concrete
using recycled PCC or natural aggregates are provided in
Table 6-2. Proportions were based on utilizing all of the
available crushed PCC fine aggregate.

Cost differentials based on required aggregate propor-
tions and current Michigan prices are shown in Table 6-3.
It was assumed the salvage value of steel reinforcement

would be offset by pickup or transportation charges.

6.2 Environmental Considerations

Assigning a quantitative value to the environmental

impact of utilizing recycled FCC was difficult to accomplish.
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Table 6-3. Cost Comparisons for Aggregate Alternatives for
a Ten Mile Dual PCC Pavement Removal and Replacement

Project- Based on 1979 Michigan Prices

e ———— — ———— — __ ———_ _ _ —— _— — — ——————

Conventional Recycled PCC

Description Concrete Concrete
Hauling waste concrete from
the job site $175,016 $ 68,904
Disposal Charges 68,904 0 o—eee--
Aggregate Costs:
Gravel 249,110 = o—-----
Sand 56,602 28,354
Recycled PCC
(Production Cost) = =-cc--- 192,931
Hauling new aggregate to
the job site 193,858 50,470
Subtotal $743,490 $340,659

Value of excess recycled
PCC course aggregate
over production costs = === -=----- 46,376

| TOTAL $743,490 $294,283
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This was due to the absence of overall measurement standards.
One standard which could be considered was the total energy

required for various aggregate alternatives.

6.2.1 Energy Requirements

Estimated fuel usage and other energy consuming fac-
tors were converted to British thermal units (BTU) to com-
pare the energy requirements for using recycled PCC or
conventional aggregates in the volume of concrete necessary
to replace the pavement on the design project. Conversions
were based on accepted standards (21) or calculated from
values furnished by Michigan paving contractors. Concrete
mix designs are identical to those discussed in Section
6.1.2. Energy comparisons for gravel and recycled PCC

concrete are shown in Table 6-4.

6.2.2 Natural Resources

Needless to say, substituting recycled PCC aggregates
for conventional natural aggregates does conserve a de-
pletable natural resource. Many natural aggregate sources
are already depleted and, when a new source is found, it
is virtually impossible to start a new production facility
due to a variety of govermmental restrictions. In addition,
using recycled aggregate eliminates the possible necessity
of locating a suitable waste disposal site which is, also,

a highly restrictive undertaking. The design project, alone,
would have required the disposal of 70,400 cubic yards of

broken concrete if not recycled.
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Table 6-4. Energy Requirements for Aggregate Alternatives
for a Ten Mile Dual PCC Pavement Removal and

Replacement Project

—_— =

Energy, BTU X 10°

Conventional Recycled PCC
Description Concrete Concrete

Hauling waste concrete from

the job site. 5097 850
Disposal Operation 340 -—-
Aggregate Production:

Gravel 1068 -—-

Sand 566 284

Recycled PCC* --- 1302
Hauling new aggregate to

the job site. 6714 1165

TOTAL 13,785 3601

*Energy required for excess recycled aggregate not

included.
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6.3 Pavement Design

Pavement thickness design using test results from the
standard research mix series for recycled PCC concrete,
was based on Michigan Department of Transportation design
practices. Determinations were compared to AASHO (1)

requirements.

6.3.1 Concrete Properties Related to Pavement Design

Although the center-point loading used in this research
for the determination of concrete flexural strengths may
produce slightly higher values than the third-point load-
ing (40) used for the AASHO Road Test, the differences
were considered insignificant.

An average Young's modulus of elasticity of 4.2 X 10°®
psi, based on static compressive tests, was used to design
the AASHO nomograph for thickness design. Inasmuch as the
dynamic tests used to determine values for this research
may result in a 20 percent error (44), a direct use of the

nomographs was considered valid.

6.3.2 Thickness Design Criteria

The Michigan Department of Transportation uses an
average working value of 200 pci for the modulus of sub-
grade reaction (k). This value is based on a specified
minimum of 10 to 12 inches of granular subbase required
over clay soils (8). Minimum pavement slab thickness is

8 inches and the maximum is 10 inches. Pavement thickness



132

is assumed and checked against the thickness determined by
using the nomographs in the AASHO Interim Guide (1).

Table 6-5 shows pavement thickness design requirements
for research mixes according to the following:

1. Design period = 20 years.

2. k = 200 pci.

3. 20 year 18-kip ESAL = 10 million.
4. P, =2.5

5. £, =0.75XMR

6. MR = 650 psi minimum.

6.3.3 Alternate Working Stress (ft) Determination

The AASHO Interim Guide (1) suggests that an alternate
method of determining the working stress of concrete may be
accomplished by applying a statistical adjustment to flexural
strength data. This method provides a safety factor for

pavement design. Working stress is calculated by:

ft = MR - Co, (6-1)
where:
MR = Mean flexural strength, psi.;
0, = Standard deviation of flexural strength
tests, psi;

C = 2.326 for a 99 percent confidence level.
This formula was used to check the working stress values
used for research pavement thickness design. The results
shown in Table 6-6 indicate a more than adequate factor of

safety for the recycled PCC concrete.
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Table 6-5. Pavement Thickness Design Based on Standard
Research Mix Designs.

Batch Flexural Working AASHO Michigan
Series Strength,psi Stress,psi Design,in. Design, in.
1 730 550 9.25 10.00
2 755 565 9.25 10.00
3 840 630 8.50 10.00
4 865 650 8.50 10.00
5 805 605 8.75 10.00
9% 865 650 8.50 10.00
10%** 850 640 8.50 10.00

* Re-Recycled PCC Mix.
**Control Mix



134

069 0%9 0L 068 0t

=== 0s9 == 698 6

YA A 609 G¢ 608 S

09L 069 9% 698 K

08¢ 0¢9 6¢C 0%8 €

GL9 69§ GE GGL [4

GE9 1199 oY o€l 1
PoU3Iax POYIAW OHSSV 1sd ‘uorjeras(q 1sd ‘y3zdusailg S9Ta9S
1eoT3sTIRIAS 93exaay paepueas TeaInxatd yoaeg

1sd ‘ssaxls 3urdaom

-

*SOXTW YOaeasay I0J SS3I3S SUuTNIOM JO SUOTIBUTWILISQ 93BUIIITY °9-9 9¥Iqel



CHAPTER VII

SUMMARY AND CONCLUSIONS

Previous investigators predicted lower strengths when
using recycled Portland cement concrete aggregates in a con-
crete mixture compared to concrete made with conventional
control aggregates. However, one must be aware there will
invariably be strength differentials when comparing concrete
made with various conventional aggregates. In Michigan
for example, concrete is normally made with natural sand
for the fine aggregate, and either natural gravel, lime-
stone, or blast furnace slag for the coarse aggregate. Al-
though these aggregates are used on an equal design basis,
the resulting concrete properties cover a range of values.
The primary criterion for acceptability is that concrete,
made with an aggregate from a particular source, must meet
minimum standards. Experimental results for this research
indicated that aggregates produced by crushing Michigan PCC

pavements were equal in quality to conventional aggregates.

7.1 Discussion of Experimental Results

All research concrete mixtures, proportioned with re-
cycled PCC coarse aggregate and various ratios of natural
sand and recycled PCC fines, exceeded minimum design stand-

ards. Within a certain range, combinations of recycled

135
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fines and natural sand produced concrete with higher
strengths than for concrete made with control aggregates.
As with the results reported by others, recycled PCC con-
crete made, exclusively, with either conventional or re-
cycled fine aggregate produced lower strengths than control
aggregate concrete. Nevertheless, strengths were apprecia-
bly higher than minimum Michigan requirements (35).

Initial experimental data resulting from incorporating
various proportions of crushed bituminous concrete in the
recycled concrete mixtures indicated no serious detrimental
effects when this material was used as a percentage of the
coarse aggregate. Significantly lower strengths were expe-
rienced with the addition of crushed bituminous fines.
These fines are almost totally coated with bitumen and may,
therefore, have to be considered as voids in a concrete
mixture when designing for strength.

Inasmuch as the properties of bituminous materials
are susceptible to various temperature ranges (14), and
since the experiments in this research were conducted under
prescribed laboratory temperature conditions, a valid anal-
ysis of the total effects of incorporating this material in
a Portland cement concrete mixture is not within the scope
of this investigation.

In all experiments, regardless of the proportions of
aggregates used, concrete made with the recycled PCC re-
search aggregates exhibited durability properties superior

to those of concrete made with normal conventional aggregates.
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7.2 Conclusions

The Michigan Department of Transportation has used
qualitative methods of designing and proportioning Portland
cement concrete since 1928 (31). Therefore, one can assume
there are high quality materials in a major portion of the
State's existing PCC highway pavements. Usual reasons for
pavement removal are due to mechanical failures resulting
from subgrade, drainage, or joint problems. However, the
methods formulated in this research, for experiments with
pavement cores, provide a systematic means of predetermin-
ing the properties and mix design requirements of aggregates
resulting from recycling any existing PCC material source.
There is a high degree of assurance that the result of using
these methods will equate to actual field crushing and
design requirements.

One of the most interesting aspects of this research
was the experiments involving the recycling of recycled
PCC concrete. Test results for both aggregate and concrete
properties furnished information this re-recycled aggregate
was high in quality and durability. Therefore, one may
project that existing PCC pavements, in addition to pro-
viding an aggregate source for the future, will continue to
generate an adequate supply of aggregates for pavement re-
placement after once being recycled.

Another point of interest is that recycling an exist-
ing pavement produces about 150 percent of the total aggre-

gate volume needed for the concrete required to replace the
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section removed. Therefore, additional high quality aggre-
gates will be available for such construction purposes as
concrete shoulders, concrete barriers, necessary concrete
pavement widening, subbase aggregate, and a variety of other
uses.

Although the concrete mix designs used for experiments
in this research are related to utilizing recycled PCC aggre-
gates for pavements, there is strong evidence this material
would provide an excellent aggregate for concrete used in
bridges, buildings, and other structures. Before utilizing
recycled PCC aggregates for structural purposes other than
pavements, additional research would be necessary to eval-
uate aggregate and concrete properties related to the
intended use.

The resulting determination of this research is that
utilizing recycled PCC aggregates for Portland cement con-
crete offers a viable alternative to conventional aggre-
gates on an equal design basis. This is especially true
for recycling an existing PCC pavement where significant
cost savings and energy conservation can be realized.

Additional experimental investigations, covering the
range of variables associated with incorporating re-recycled
PCCAor proportions of bituminous concrete in concrete mix-
tures, would be necessary to determine the validity of

initial research results using these materials.
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Values Used for Cost Compa;isons in Table 6-3:

Volume of concrete to be removed and replaced:

24 X 0.75 X 5280 X 20/27 = 70,400 yd?.

Estimated tonnage of existing concrete at 145 1b/ft?:
27 X 145 X 70,400/2000 = 137,808 tons

Conventional Concrete

Hauling broken concrete from project to dump site:
15 mi @ $1.27/ton.
Hauling gravel and sand to project:
25 mi @ $1.78/ton
Disposal charges:
$0.50/ton
Aggregate costs:
Gravel $3.50/ton
Sand $1.50/ton
Aggregate required:
Gravel 2022 X 70,400/2000
Sand 1072 X 70,400/2000

71,174 tons
37,734 tons

Recycled PCC Concrete

Hauling broken concrete from project to job-site crusher:
2.5mi 7 $§0.50/ton
Hauling sand to project:

25 mi @ $1.78/ton

continued next page
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Values Used for Cost Comparisons in Table 6-3 continued:

Aggregate costs:
Recycled PCC  $2.52/ton (production cost)
Sand $1.50/ton

Aggregate required:

Recycled F.A. 698 X 70,400/2000 = 24,570 tons
Recycled C.A. 1477 X 70,400/2000 = 51,990 tons
Sand 537 X 70,400/2000 = 18,902 tons

Total recycled coarse aggregate from crusher:
137,808 X .9 X .8 = 99,222 tons
Excess recycled PCC coarse aggregate:

99,222 - 51,990 = 47,232 tons

Note: Hauling and new aggregate costs are based on 1979

prices for Michigan.
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Values Used for Energy Comparisons in Table 6-4:

Diesel Fuel: = 184,920 BTU/gal.

Hauling aggregates and broken concrete at 5 mi/gal and
30 tons/load:

184,920/5 X 30

1,233 BTU/mi/ton

Disposal operations at 2 gal/hr and 150 ton/hr:
184,920 X 2/150

2,467 BTU/ton

Natural Aggregate Production: 15,000 BTU/ton (FHWA)

Recycled PCC Production:
Generator at 8.8 gal/hr and 150 ton/hr:
184,920 X 8.8/150 = 10,849 BTU/ton

Wheel Loaders at 5.0 gal/hr and 150 ton/hr:
184,920 X 5.0/150 = 6,164 BTU/ton
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Calculations of Constants for Dynamic E and p -
37 X 4" X 15-1/2" Beams:

CWn?
0.00245 L3T/bt?
Radius of Gyration (K) = t/3.464 = 3/3.464

E

C

From Table I - ASTM C 215 for K/L = .866/15.5, T = 1.28.
.00245 X (15.5)% X 1.28/4 X (3)% = 0.108

= 0.108 Wn?

= BWn''?

= 4LR/gA

.75 + 1.33/(4 X .75) - 2.52 (.75)% + .21 (.75)% = 1.286
4 X 15.5 X 1.286/386.4 X 12 = 0.017195

0.017195 W(n")?

E/2G - 1

QA W X W O @ O

=
[

Example: Beam 4-A

n = 1670

n'" = 2730

W = 15.323 1b.

E = 0.108(15.323)(1790)% = 5.30 X 10° psi

G = 0.017195(15.323)(2890)% = 2.20 X 10° psi.

5.30 X 10%/2(2.20)(10)® - 1 = 0.20

=
I
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Calculations to Determine the Amount of Course and Fine
Apggregates Produced in a PCC Recycling Operation:

Assumptions: 10% Crushing Loss, 207% Passing #4,

F.A. - Ga = 2.18, C.A. - G, = 2.35,

b
Concrete Wgt. = 145 1b/ft?d.

145 - .1(145) = 130.5 1b.
0.8 X 130.5 = 104.5 1b.
55 1b.

Wgt/ft? of Agg. Produced

wgt/ft® of C.A. Produced

n

Wgt/ft? of C.A. Required (New Concrete)
% C.A. Required = 104.5 X 100/55 = 1907%.
Wgt/ft® of F.A. Produced = .2 X 130.5 = 26.1 1b.

Vol/ft?® of F.A. Produced = 26.1/2.18 X 62.4 = 0.192 ft?3.
8.5/27 = 0.315 ft3.%

0.192 X 100/0.315 = 61%.%

Vol. F.A. Required

% of F.A. Required

*To replace an equal section.
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Sample Worksheet for Soundness of PCC Coarse Aggregate

iy AGGREGATE SOUNDNESS TEST

] WORK SHEET
10024 3/ T8)
— —r
MATERY TPECIFICATION — ]LAS. NO.
fﬁc;, Cave s - A#? C. C4A _

PROGUCER I WO | JF¥7

Ri -T-95«& 317108 NO.
DATE DATE
RECD. REPORTED /79

GRADATION OF
sieve uze ORIGINAL SAMPLE, FRACTION | YEIGHT OF TEST FRACTIONS, | Porcontage Woighted
RETAINED GRAMS Pessin »
°Ql|‘: Sieve “::?.
Possing | grrirad | Roreived Grome Por Com Sefere Toar | Abter Tegs | Afrer Towr

212in. |1 12 in.| } 1/4 in,

1172 | 3/4in. | $/8im. a« /SoL | 1v73 1./9 o.53
Vain | 38in. | /14 in. s/ /oo o 990 l.00 _ 0.5
eia. | Ne.d | Me.S ds~ 3eo 3s9 3.2 | ©94
Ne. 4 Ne. 8

No.8 | Me. 16 .

M. 16 | Ne30

Ne. 30 | Ne. SO

Me. 50 | Ne.100

Terals /_’ 6_

NUMBER OF PARTICLES
PARTICLE 3128
Botere Tosr Disinrogroved Sphy Creched Fished
21/72-1 172 im.
11/2-3/4 in. P4 y Y, .
PIVE ALTERNATIONS OF MAONESIUM SULPATE
Toutd by Computed by Choehed by
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Sample Worksheet for Soundness of PCC Fine Aggregate

AGGREGATE SOUNDNESS TEST

WORK SHEET
10024 13/70)
MATERIAL SBEEI’IEA‘IM Lﬂ._ﬁ. B
-Aeg. D
PROOUCER NO. J-F ‘7
C$1/J08 NO.
DATE DATE
reC'D. REPRTED = 15 g
GRADATION OF
seve suze ORIGINAL SAMPLE. FRACTION | WEIGHT OF TEST FRACTIONS, Pereontage Woighted
Ll Dn-w’J Sieve ."'L‘-..“'
Pesaing ""'"" .1'::.'-‘ Grame Por Come Sefere Tesr Ahror Tose Atter Teor
212in. [V 172 0. [ ) 1/4 in.
1172 .| 34 ia. $/8 in.
3/4 in. 3/8in. | $/16 ia.
3/8in. | Ne.d Ne. S
Mot | me8 32 /oo | 90,9 | 9./0 .46
Ne.8 | Ne. 14 33 /%o 90.4 | 9.50 d.a9
Ne. 16 | Moo /3 /00 96./ .90 o.¥2
MNe. 30 | Ne. SO 9 /°= 22 é /0.¥0 02!1
Neo. 50 | Me.100 7
Ne.100 /a
Terale /90 oo 6.9 Y4
NUMBER OF PARTICLES
PARTICLE sizE8
Sofore Tosr Dicinrogresed Sohe Creshed Plehed
2_m-| 172 ia.
11/2-3/4 in.
PIVE ALTERNATIONS OF MAGNESIUM SULFATE
Toated by Computed by Choshed by
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Sample Worksheet for Specific Gravity and Absorption of

PCC Aggregates

STATE OF UICHIZAN

DEPARTMENT OF STATC HIGKWAYS

TESTING AND RESEARCH DIVISION
TESTING LABORATORY SECTION

COARSE AND FINE AGGREGATES
(SPECIFIC GRAVITY)

srec hgg D |

TYPE Pee Becma

Poum 18048 (Rev. I/

T L)

&I. Ne.

rrocucER w0 L 2 F-T r 793 les
DATE DATE )

(Work Shoed

REICEIVED REPORTED £-3/-2G |cs.10.- sebna, _
COARSE AGGREGATE
Test | Test 2
. Bulk
$SD Wr. in Air dvsZ.8” dvio . n Sp:ciﬁc_GnviVy iLLI__
»U! . dry basis)
SO WrinHo __/323.0 23b6Hn.9" .
OwaDyWr, I DSH. Q — d33a.0 Absorption, X _ W, 34,
sp.c..._ii.é‘.ﬁ_-_g_=- .o ,M‘—",—=i:'n_£
/024-.9 /053,93
Abs, X L9/ 87 100 i.“'ZZ LEL o .- 2,243
"dasé. 0 Aazsé.o -
FINE AGGREGATE
Test | Test 2
Somple ¥1., gw% Jo. o
; Bulk
Final Reoding 23. / —_—d2. Spacific Gravity _2:00
dry basis)
laitiel Reading O 7 0.2 (dey basis
Volume, ml. g2, 3.« Absorption, & L/ 29
$p. Gr. 2,333 X.333
ssowr. $oe. 0 Joo.p
Ovea Dry Wt. Yvz.a ~“¢2, 3
Ah-.o- Sa.¢ _fL.L,__
3 /.
Abe., 7Y ‘-looa yi !az . ‘/’;'3 x100=_//. 2 %2
Testeo o: ““compuren ar: QMECKED BY. =
R .ARKS: Pit No. -
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Sample Worksheet for Concrete Mix

CONCRETE MIX WORK SHEEZT

J. S. Fergus

Batch No.: S -4 Date Made L-//-7 34
Moiscture
Macerials Content Sp. Gr. Abs. =
Cement /Dg-’v/f'ss -TA 2L
Fine Ags. #1__PCC - A PN /4 2.3/
Fine Agg. #2 42@,} aw=—2AS o. 0¥ 2. ko /.2%
Course Agg- #1_Pc¢-A L2232 2.3/ oo

Course Agg. #2

Mix Qugpncictigg, 1b,

Sxcess Water
Dry Corrected Saturated over
Macterial Weight Moisture Weighe Weight Dry Weight
comene | 293¢ VLY //VILLITY T
F.A. #1 /.22 /. 66 245843 D
r.A. #2 $3.87 0.3/ 32.2¢% 77,50 3./0
C.a. 1 2667 2:.69 23.20 f2.c06 | S
C.A. #2
Water /9.4 ///// ///////////[//////
/94.60
Unic Weight Mix Wacer
Vinsol Restin__ O cc. Tare + Conc._//5" R’  Dry Weighe /8 34
Tare “L.20 Mious Excess_S.. <5~
SLuup__Lﬁ‘__in. wgt. of Comc._(29.// Nt 9. 80

vol. A Lo ft? Tare_______ /.33,
Air Content 4"-2 2 Uatc Wge. /2€.32 1b/fe? Total //.0x

Conc. Temp.__ 27 A °¢. Yield —0. 5" z
Corrected Yield*O. A 2

Remarks:

chy bavka‘/( A x .
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Sample Worksheet for Flexural Strength Tests

FLLAURAL SURESGIL OF J. S. Fergus
3" 4 T X 6T Coucrate Reams
ALS.TLM. 2L 203-08 (1974)

Jate of .iix ?‘é:ﬁ-,’?ualu ot 7 uay Test qd/-?? Jdate of 28 Day Test ¥-3 5.79

Batch Age | width Depth Span Factor Load Ltren;th Average

Numoerk . ush (tn.) tin.) (in.) (1b) (psi) (psi)
Ses | ver | 1t | w207 | ¢2op | 742

7 -

7 o8

Toe |Wor | yvgm ]| L wens ] /eQ0 £3/

S-A

3o | oo /v | . se3) | /3uwn | 279

28
L8
3.00| ¥, as | 7437 | . Nuas| 1250 | §¥49
Sooled, oo l/7«s | . ¥y /17220 | 02
, .
778
3-8 Sco0 Yoy | re . easl/p90 | 747
300 | Hol| /8.5 | Yuaol yguo | Q22
28 ?ao
oo |Yog | Jts] Ll /0o |l 22
oo |3 2L /v | . Hou 2722 | 223 |
7 77°
3C 295 | Yoo rus| - YeR | 15001 779

3-00 Lol |74 37 | My /3¥0 | 822

3iar ! Yos |/ s | . L3vgl /g9, | $LS
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Sample Worksheet for Compressive Strength Tests

COMPRESSIVE STRENGTH

Of 4" X 8" Concrete Cylinders

A.S.T.NM.

*C 39-72

Date of Mix ¥-//-25 Date of 7 Day Test &-/2>9 Date of

J. S. Fergus

28 Day Testg=9- 22

3acch Age Diamecer Area Load Strength{Average
Number |(days) (tn.) [(sq.1n.) (1b.) (ps1) | (psi)
399 | 4.2 63,500 Io¥o
7 79 | /352 . z0a Lao02 | Y900
, Yoo | /3.52 TL o0 7Y 13T
7A 78 | Za.v« VAR X Senz |
28 .75 | 150 73,9200 $9s8 | I77°
298 /9. vd Jb. 700 Lloh
.00 | y2.c7 6¥, 80 Q S758” |
7 3.99 | za.co S, vogq vrga | 7570
¢.8 .99 /2 so KA LT Y326
3.98 | /3. «& 73. 600 S9/6 ]
28 298 | 13.4¢ 46,900 53728 | 3830
399 | /.50 2z, 30 org¥
322 | 22.28 o, vio L a-y
7 3.9% | /3. wu S, 2co Y5578 | Y230
¥ 3.99 ERY) SY 600 ¥ 248
3.9¢ 22 -¥¥ &£2/00 S3I9«
28 2.9¢ | sa.vv 69. con Lo | TS8O
J.9¢ | B.ve 2. &0 S

REMARKS:
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Sample Worksheet for Dynamic Moduli

3" x 4" x 18" BEAMS - FREEZE-THAW OURABILITY

wm S F 2-A4
1OENTIFICATION Qegg‘ le o) QQ . 4+
SPACE O. IN
FREEZE - TAAY _
START OF FREEZE-TNAW geze e u

oaren wor: _3 -32-29 ar __14 wvs: ¥-//-72

CYCIF lnu cmu] l 3" 4" L ]
i 4
::;;: oare oF velant l urive num:“ u:lvl > RENARKS
v eaeezr-tuan | S0 | N r: N t Ave. 5_
% k] L ] o
owd 911 O 0 |£9g6/710190.0 |52 3100.0] 100 1
49 | 43l ) | T /230| 5238|3501 93 2 2
_4ga | se]l £ |33 2 230/00-0l3200] 92.31 §F |29 3
< Jdol 9 1 224 . 1;;_9],991 9 L2 4
224 30|/6 /32 22Y 2laasol92.2] /0 ]
L¥9 159 |38 |Saf s230l/00 023201 /00-. o 6
905 | /el 22 e 12vdsoralaas0| 922l s00 | SB 7
299 | 43139 |33 lagudsovose 212/190| 9% 99 Ly § 8
9
ho
11
2
13
. 16
| | 15

Interpolated on curve at 22 % .3©Q cycles

Nl
Relative € = 100 x "y
.

&
3999900 ¥973900
Ourability factor %ﬂxiﬁ?a _ZL.

Key: M = Morning
N = Noon
A = Afterncon
Camputed by:

Checked by:
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