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STATE-OF-THE-ART COLD RECYCLING

Jon A. Epps, Department of Civil Engineering and Texas Transportation Institute,

Texas A&M University

Cold recycling is desirable. Not much equipment
is required and processing in-place enables
structural and material problems to be corrected
quickly without much disruption to traffic.
Where an existing asphalt concrete course is
pulverized and mixed together with the existing
aggregate base, the residual asphalt acts as an
excellent binder to help make the recycled base
waterproof and less frost susceptible. The
addition of new binder or chemical stabilizer
may further upgrade the recycled base by re-
ducing swell potential where active clays are
present in the base, by reducing freeze-thaw po-

tential, by waterprcofing the base aggre
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and/or by increasing the load-carrying capacity
of the pavement structure. With an increased
load-carrying capacity in the base course, the
pavement structure may be constructed thinner.
The ultimate decision as to application of in-
place recycling is based on a total evaluation
considering user utility, structural require~
ments, energy expenditures, and cost.

Rehabilitation and maintenance of our present
transportation system is costly, time consuming and
material intensive. In the last five years reuse or
recycling of existing pavement materials has emerged
as a viable rehabilitation and maintenance alter-
native as it offers several advantages over the use
Among the major benefits are lower costs, conser-
vation of aggregates, binders and energy, and
preservation of the environment and existing highway
geometrics.

Since the benefits of recycling appear promising
from a wide variety of viewpoints a number of
agencies including the National Cooperative Highway
Research Program (NCHRP) have sponsored research
(1, 2). NCHRP Synthesis 54, 'Recycling Materials
for Highways'" was the first comprehensive summary of
recycling information (1). TFederal Highway Admin-
istration sponsored programs include: Demonstration
Project No. 39, "Recycling Asphalt Pavement' (3, 4);
Demonstration Project No. 47, "Recyecling Portland
Cement Concrete Pavement" (5); National Experimental
and Evaluation Program (NEEP) Project No. 22 (6);
Implementation Package 75-5 (7); Office of Research
studies on "Softening or Rejuvenating Agents for

Recycled Bituminous Binders," '"Tests for Efficiency
of Mixing Recycling Asphalt Pavements,' Data Bank
for Recycled Bituminous Concrete Pavement' and
"Materials Characterization of Recycled Bituminous
Paving Mixtures" and HPR and special state studics
(8, 9). Other government sponsored studies have
been performed by the Corps of Engineers (10) and
the Navy (11).

Associations and Institutes that have contrib-
uted to the collection and distribution of recycling
information include the American Concrete Paving
Association, Asphalt Emulsion Manufacturers Associ-
ation, Asphalt Reclaiming and Recylcing Association,
The Asphalt Institute (12), National Asphalt Pave-
ment Association (13, 14), Portland Cement Associ-
ation (15) and West Coast User-Producer Group on
Asphalt Specifications (16). In addition conference
sessions and symposiums have been held on pavement
recycling at the Transportation Research Board,
American Society for Testing and Materials (17) and
Association of Asphalt Paving Technologists meet-
ings.

Definitions

The term pavement recycling has not been for-
mally defined. However, most individuals concerned
with roadway rehabilitation use the term to indicate
"the reuse (usually after some processing) of a
material that has already served its first-intended
purpese in a readway' (18).

Definitions for recycling categories have been
prepared by the Federal Highway Administration
Demonstration Project No. 39 Technical Advisory
Committee (3), a joint National Asphalt Pavement
Association-Asphalt Institute Committee (19), As-
phalt Recycling and Reclaiming Association (20),
National Cooperative Highway Research Program (1,
2), U. S. Army Engineers Waterway Experiment Station
(10), and Navy Civil Engineering Laboratory (11).
Although formal definitions for recycling categories
have not been developed those advanced by a joint
National Asphalt Pavement Association, The Asphalt
Institute and Federal Highway Administration com-
mittees are the most widely accepted and are given
below:

Asphalt-Pavement Surface Recycling. One of



several methods where the surface of an existing as-
phalt pavement is planed, milled, or heated in-
place. 1In the latter case, the pavement may be
scarified, remixed, relaid, and rolled. Additional-
ly, asphalts, softening agents, minimal amounts of
new asphalt hot-mix, aggregates, or combinations of
these may be added to obtain desirable mixture and
surface characteristics. The finished product may
be used as the final surface or may, in some in-
stances, be overlayed with an asphalt surface
course.

Cold-Mix Asphalt Pavement Recycling. One of
several methods where the entire existing pavement
structure including, in some cases, the underlying
untreated base material, is processed in-place or
removed and processed at a central plant. The
materials are mixed cold and can be reused as an
aggregate base, or asphalt and/or other materials
can be added during mixing to provide a higher
strength base. This process requires that an as-
phalt surface course or surface seal coat be used.

Hot-Mix Asphalt Pavement Recycling. One of
several methods where the major portion of the ex-
isting pavement structure including, in some cases,
the underlying untreated base material, is removed,
sized, and mixed hot with added asphalt cement at a
central plant. The process may also include the
addition of new aggregate and/or a softening agent.
The finished product is a hot-mix asphalt base,
binder, or surface course.

Portland-Cement Concrete Pavement Recycling. A
process by which an existing portland cement con-
crete pavement is processed into aggregate and sand
sizes, then used in place of, or in some instances
with additions of conventional aggregates and sand,
into a new mix and placed as a new portland cement
concrete pavement. This process is a phase of the
econo-crete concept in that the broken concrete is
considered to be a local aggregate.

This conference is directed towards asphalt
pavement recycling while this paper presents the
state-of-the-art relative to cold-mix asphalt pave-
ment recycling.

Cold-Mix Asphalt Pavement Recyecling. As indi-
cated by the definition cold-mix recycling involves
the reuse of existing surface, base, subbase and/or
subgrade materials. The material can be reprocessed
in-place or it can be removed and processed in a
central plant without the addition of heat. New
binders such as lime, portland cement and bitumi-
nous materials can be used in the recycling process.
After the roadway has been pulverized, mixed and
placed, it will normally require a new wearing sur-—
face such as a surface treatment or asphalt con-
crete.

Cold recycling is an attractive pavement reha-
bilitation alternative. Equipment required for cold
recycling is of basically a conventional nature,
much the same as used in conventional soil or ag-
gregate stabilization procedures. Thus, the equip-
ment is readily available. The major advantages and
disadvantes of in-place cold recycling operations
are compared with surface and hot recycling oper-
ations on Table 1.

Advantages. Major advantages of cold recycling
operations include:
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1. Ability to achieve significant pavement
structural improvements,

2. All types and degrees of pavement distress
can be treated,

3. Reflection cracking can be eliminated if the
depth of pulverization and reprocessing is adequate,

4. Frost susceptibility of subgrade and subbase
soils can be improved by use of the process,

5. The pavement ride quality can be improved,

6. Skid resistance can be improved (depending
upon type of surface placed on cold recycled sec-
tion) and

7. Hauling costs can be minimized if processing
takes place on grade.

Disadvantages. Cold recycling operations have
several disadvantages when compared to other pave-
ment rehabilitation operations. The disadvantages
include:

1. Pulverization equipment is often in need of
frequent repair and thus production can be low,

2. Traffic disruption can be greater than some
other types of rehabilitation activities,

3. Portland cement concrete pavements cannot be
recycled in-place,

4. Curing is normally required for strength
gain,

5. Strength gain and construction is suscepti-
ble to climatic conditions including temperature and
moisture and

6. Quality control for in-place operations is
not as good as central plant operations.

Future of Cold-Mix Reecycling. During the last
10 years highway construction, rehabilitation and
maintenance costs have increased by a factor of
nearly three. Funding at the federal, state and
local level during this same time period has in-
creased slightly. Therefore, it is critical that
each available dollar be expended in the most cost-
effective manner.

This funding situvation which is expected to con-
tinue through the next few years is forcing govern-
mental agencies to expend the available funds for
roadways on rehabilitation and maintenance opera-
tions. Since recycling is a cost-effective reha-
bilitation and maintenance alternative, the future
for all forms of pavement recycling is encouraging.
Recycling will capture an increasing proportion of
the estimated 34 billion dollars expended on high-
ways in the United States.

Cold recycling will capture.a significant share
of those funds expended on recycling. The advan-
tages listed above make cold recycling a prime can-
didate for roadways without surfaces and roadways
with this asphalt bound wearing surfaces. Table 2
indicates that 48 percent of our nation's 3,884,761
miles of road are non-hard surfaced (21). An ad-
ditional 28 percent of the roads are surfaced with
thin layers of bituminous materials. Since several
surface recycling operations can not be used on thin
surfaced and non-hard surfaced pavements and since
large scale hot-mix recycling operations may not be
economical on thin surfaced and non-hard surfaced
pavements, ''the future for cold recycling is very
promising."

Methods, Equipment and Quality Control

In-place recycling of old asphalt concrete and
portland cement concrete pavement is not a new con-
cept. Almost every state has used conventional
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construction equipment such as bulldozers, vibratory
compactors, rollers, etc., to crush old pavement and
combine it with a portion of the existing base or
subbase to form a reconstituted structural layer.
Development of pulverizing equipment and ‘processing
techniques are among the more important recent re-
finements of in-place recycling.

The various alternatives for in-place pavement
recycling with no additional heat are shown in
Figure 2. Stabilizers such as lime, cement, as-
phalt, and other chemicals have been used in these
processes. Use of cement as stabilizers for re-
cycled bases and surfaces dates to 1942 (22). Use
of asphalt with recycled material probably dates to
the early 1940's, although the most recent work in-
dicates 1966 (23). States that have performed in-
place recycling of the type described include
Arkansas, California, Florida, Illinois, Indiana,
Kansas, Kentucky, Louisiana, Maine, Michigan,
Nebraska, Nevada, New Jersey, New York, Pennsylva-
nia, Tennessee, Texas and Washington. Probably
all states have recycled existing bases and surfaces
without the addition of a stabilizer.

Methods (In-Place). The basic sequence of oper-
ations for in-place surface and base recycling is
shown in Figure 2. As noted the separation of tech-
niques is based on the thicknesses of the surface
course (stabilized material). When the thickness
of the stabilized layer is approximately 2 inches or
Tess, pulverization can be performed without a rip-
ping and breaking operation. Pulverization of
stabilized materials at depths greater than 2 inches
can be performed economically with special equip-
ment. Cold milling machines and specially altered
soil stabilization equipment can pulverize to depths
of about 5 to 7 inches economically.

The second separation of in-place recycling

techniques is based on the use of a stabilizing

chniques is based on t a stabilizing
agent. The stabilizer is most often an emulsified
asphalt, lime, cement or fly ash in combination with
lime or cement.

Experimental models of recently designed ma-
chines now make it possible to pulverize, add and
mix a stabilizer and grade the surface in a single
pass - single machine operation. The appearance of
these types of machines in everyday practice will
reduce costs and traffic disruption.

The literature indicates that a number of con-
struction sequences have been utilized to complete
the essential steps of pulverization, adding and
mixing stabilizers and grading and compacting the
recycled material. Figures 3 and 4 present typical
operations. Figure 3 shows the recycling operation
using no additional stabilizer but adding existing
base and/or new aggregate to the processed bitumi-
nous bound material. Figure 4 shows the recycling
operation using a stabilizer, the existing base and/
or new aggregate. Note that a recycling agent or
modifier has been added to the pulverized recycled
bituminous bound material prior to the addition of
the existing and/or new base.

With the advent of new equipment it is not un-
usual to pulverize with one machine in one pass and
add stabilizer and mix with a second machine. What-
ever the sequence of operation used in cold recy-
cling the major operations consist of

Pulverization,

Adding and mixing stabilizers or water,
Fine grading,

Compaction and

Curing.
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Equipment associated with these operations will be

briefly discussed in another section of the report.

Methods (Central Plant). Central plant cold re-
cycling operations are very similar to those per-
formed in-place. Pulverization of the recycled
material can take place 1) on grade as part of the
pavement removal operation, 2) on grade after ini-
tial ripping and breaking or 3) at the site of the
central plant after initial ripping and breaking has
taken place on-grade. Typical cold-central plant
operations are shown in Figure 5.

Central plant mixing operations afford the best
opportunity to produce uniform stabilized materials
and can achieve close to 100 percent mixing effi-
ciency as measured by the strength of the treated
soil measured after field versus laboratory mixing.
0f the two major types of central plants, the batch
plant will normally have better uniformity and con-
trol than the continuous plant. However, contin-
uous plants are used more often than batch type
plants due to their high production capabilities.

Equipment. The types of equipment used for in-
place recycling are very similar to those used for
on-grade stabilization with lime, cement or asphalt.
Generally, the only specialized equipment is that
used to properly size bound materials prior to
stabilization.

Typical soil stabilization construction equip-
ment is identified in Figure 6 and identified with
type of stabilizer in Table 3 (24). Excellent
general summaries of soil stabilization construction
equipment and construction operations can be found
in References 25 and 26 for lime stabilization oper-
ations, References 27 and 28 for lime-fly ash,
Reference 29 for cement stabilization and Reference
30 for asphalt stabilization (24).

As indicated above pulverization and pavement
removal equipment developments have greatly con-
tributed to the economic viability of cold recycling
operations. John Wood's paper "Equipment for Cold
Recycling" (31) presented at this conference sum-
marizes equipment developments unique to cold re-
cycling. A brief summary will be presented here for
completeness.

Categorization of pavement removal and pulveri-
zation equipment commonly associated with cold
recycling operations is shown in Figure 7 (1). It
should be noted that the majority of this equipment
is associated with either surface recycling or soil
stabilization operations.

Heater-Planers and Heater-Scarifiers. Heater-
planer and heater scarification is an outgrowth of
equipment developed by Gibbons and Reed Contractors
of Salt Lake City in the 1930's (32). Advancements
in equipment technology have been made and now in
excess of 10 companies have developed this type of
equipment (1). Bituminous bound materials removed
from heater-planer and heater-scarification equip-
ment have been used without the addition of stabi-
lizers on shoulder, as pavement base courses and for
maintenance patching. This type of equipment is
normally not used as a pavement removal process for
cold recycling operations.

Hot-Millers. Hot-milling has not been used ex-
tensively in the United States. The process is
limited to asphalt-surfaced roadways and has not
been used extensively as a pavement removal process
for cold recycling operations. Wirtgen and the
Millars Company manufacture equipment.



Cold-Planing. Motorgraders have been used to
plane asphalt pavements in the summer months. These
materials have been reused to a limited extent.

A pavement planer capable of being used for cold
recycling operations is under development by Enviro-
dyne in Reno, Nevada (1). This planer removes pave-
ment by use of the vibratory beam concept.

Cold-Milling. Cold-milling equipment has been
used extensively for pavement removal and pulveri-
zation. Much of this equipment has been developed
since 1973. Most of the larger units were not de-
veloped until after 1976. CMI, Barber-Greene and
BARCO presently manufacture larger machines while
BJD, Cutler, Galion, Payne, Reconeco and Sakai are
some of the manufactures of smaller cold planers.
One company is developing a machine capable of pave-
ment removal, pulverization, adding stabilizer,
mixing and laydown in a single pass.

Pavement Rippers. Typically pavement ripping is
performed by crawler tractors pulling one to two
ripper teeth. Large scale trenching tools have been
used for pavement loading on at least one job in
Nevada.

Traveling Hammer Mills. Traveling hammer mills
have been developed and used for cold recycling
operations by Pettibone and Independent Construction
Company (1). This equipment is often used to pul-
verize the ripped and windrowed pavement.

Soil Stabilization Equipment. Some contractors
have improved existing soil stabilization equipment
with or without the cooperation of soil stabili-
zation mixing equipment manufacturers. This equip-
ment is capable of pavement removal and pulveri-
zation in a single pass. Pulverization can be
obtained to depths of 5 inches in stabilized materi-
als. 01d P&H pulver-mixers, Koehring and Pettibone
equipment has been upgraded by contractors and
equipment manufacturers. Considerable detail on
these commonly used cold recycling equipment items
can be found in John Wood's paper.

Quality Control

The objective in cold recycling is to obtain a
thorough mixture of a pulverized pavement (with or
without new aggregate) with the correét gquantity of
stabilizer (if used) and sufficient fluids to per-
mit maximum density during compaction. To achieve
these ends equipment must be selected, operated and
sequenced to provide the following:

1. Pulverization of recycled pavement material,

2. Proper water content (uniformly mixed),

3. Proper stabilizer content (uniformly mixed),

4, Attainment of some minimum specified
density,

5. Favorable temperature and moisture condi-
tions for strength development during the curing
period and

6. Protection of the stabilized surface from
traffic to prevent abrasion and to ensure adequate
time for strength development.

Specifications. Guide specifications have been
prepared for and are contained in Reference 1 for
the following cold recycling operations (1):
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1. In-Place Recycling of Existing Asphalt Sur-
face and/or Existing Base (Subbase) Without Chemical
Stabilization.

2. In-Place Recycling of Existing Asphalt Sur-
face and/or Existing Base (Subbase) Employing Lime
Stabilization.

3. In-Place Recy¢ling of Existing Asphalt Sur-
face and/or Existing Base (Subbase) Employing
Portland Cement Stabilizationm.

4. In-Place Recycling of Existing Asphalt Sur-
face and/or Existing Base (Subbase) Employing
Asphalt Stabilizers.

Other specifications can be obtained from references
cited in this report or from governmental agencies
conducting cold recycling operations as identified
herein.

A review of the specifications contained in the
literature will indicate that they were largely de-
veloped from soil stabilization specifications and
quality control guides. At present sufficient data
are not available to develop statistically based
quality assurance specifications for recycling oper-
ations. Potential quality control problem areas
associated with cold recycling operations are:

1. Depth of pavement removal,

2. Degree of pulverization,

3. Control of additional binder, .

4. Control of recycling agent, and

5. Distribution of additional binder and/or
stabilizers.

Climatic and Safety Considerations. The use of
lime, lime-fly ash, portland cement, cement-fly ash
and asphalt stabilizers in cold recycling opera-
tions have certain climatic limitations and con-
struction safety precautions. These limitations
and precautions are listed on Table 4. Climatic
limitations include minimum temperatures of about
40°F and sufficient time before the first freeze to
prevent damage to newly stabilized layers. Flash
and fire points should be considered when handling
bituminous materials and protective clothing worn
at all times when lime and portland cement are
utilized.

Mixture Design

In-place and central plant cold recycling oper-
ations will often make use of chemical additives
such as lime, portland cement, asphalt cement and/
or recycling agents to improve the engineering
properties of the recycled materials. Selection of
this type of additive or stabilizer and the amount
for a given recycling project is of concern to the
engineer. This section of the report describes a
soil stabilization index system (SSIS) which was
developed for the U. S. Air Force by Texas A&M
University (33), later modified by the Air Force
Academy (34) and utilized in a FHWA soil stabili-
zation manual (24). This index system can be used
to select the type and amount of stabilizer to be
used for a given recycled material.

Type of Stabilizer. Figure 8 provides a sta-
bilizer selection procedure based on the percent
passing the No. 200 sieve and the plasticity index
(PI). Based on these criteria it is evident that
the majority of the cold recycling projects uti-
lizing stabilizers will use either lime or bitumi-
nous materials. The use of bituminous materials
may involve selection of an approprilate recycling
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agent (softening agent).

After an appropriate stabilizer or appropriate
stabilizers are selected, design sub-systems can be
used to select the amount of stabilizers. Appro-
priate test methods and criteria are briefly out-
lined for each type of stabilizer. Detailed infor-
mation can be found in Reference 24. Design sub-
systems for lime, portland cement and asphalt
stabilization follow. Design sub-systems for lime-
fly ash and cement-fly ash are contained in
Reference 24.

Lime Stabilization. The design sub-system for
stabilization with lime is shown in Figure 9. The
procedures for the nonstandard tests are outlined in
Reference 2.

The design curve for the freeze-thaw test and a
correlation curve between three-cycle freeze-thaw
strength and vacuum immersion strength are shown in
Figures 10 and 11, respectively. The purpose of
Figure 10 is to allow the interpolation of the
freeze-thaw strength loss after a predicted number
of freeze-thaw cycles from three freeze-thaw cycles
in the laboratory.

The family of design curves in Figure 10 was
developed from an extensive testing program (34).
These curves showed that the additional strength
loss after 7 cycles was negligible.

In using Figure 10, first determine the expected
number of freeze-thaw cycles during the first winter
after rehabilitation then interpolate along the
appropriate design curve from the laboratory
strength loss after 3 cycles to that after the ap-
propriate number of freeze-thaw cycles (strength
loss is the difference between the reactivity test
strength and the strength after the freeze-thaw
cycle).

Figure 11 allows use of vacuum immersion in lieu
of freeze-thaw. The strength loss is determined as
described above. Table 5 contains the minimum re-
sidual strength criteria that must be maintained.

Cement Stabilization. The modified SSIS cement
design sub-system is as shown in Figure 12. The
MacLean and Sherwood pH test discussed below is the
only nonstandard test procedure employed. However,
if a high sulfate content is suspected in the soil
to be stabilized, a check on the amount of sulfate
present should be made. An upper limit of 0.9
percent is set for sulfate content (33). The turbi-
dimetric method used to determine sulfate content
can be found in Reference 2. Because of the nature
of the test it is only warranted when a high sulfate
content is suspected.

After the soil cement mixture has been checked
for deleterious organics content, standard PCA
procedures are followed (36). In the base course
procedure the wet-dry test is often much less
severe than the well-established freeze-thaw test
(34). Therefore, solely the PCA freeze-thaw weight
loss criteria is suggested for use for base course
design (Table 6).

Asphalt Stabilization. Asphalt binders present
in recycled pavements often contain physical and
chemical properties which make the "old" asphalt
undesirable for reuse without modification. Mate—
rials have been developed to restore these old
binders to a condition suitable for reuse. This
concept is not new and has been the subject of a
number of extensive studies during the last several
years (37-44).

Materiale used to alter properties of asphalt

cements have been called softening agents, re-
claiming agents, modifiers, recycling agents, flux-
ing oils, extender oils, aromatic oils, etc. Most
of the major oil companies market products of this
type will be used to designate this type of ma-
terial in this report and originate from ASTM Sub-
committee D4.37 (Modifier Agents for Bitumen in
Pavements and Paving Mixtures). The general defi-
nition of modifier is "a material when added to
asphalt cement will alter the physical-chemical
properties of the resulting binder." A more spe-
cific definition has been developed by the Pacific
Coast User-Producer Group for the term "recycling
agent." A "recycling agent" is a hydrocarbon
product with physical characteristics selected to
restore aged asphalt to requirements of current as-
phalt specifications (45). It should be noted that
soft asphalt cements, as well as specialty prod-
ucts, can be classified as recycling agents or ’/
modifiers.

The purpose of the modifier in asphalt pavement
recycling is to:

1. Restore the recycled or "old" asphalt char-
acteristics to a consistency level appropriate for
construction purposes and for the end use of the
mixture,

2, Restore the recycled asphalt to its optional
chemical characteristics for durability,

3. Provide sufficient additional binder to coat
any new aggregate that is added to the recycled
mixture and

4, Provide sufficient additional binder to
satisfy mixture design requirements.

The design method outlined below allows the
engineer to select the types and amount of bitumi-
nous modifiers to produce the desired mixture (46).

The proposed method is applicable for both hot
and cold recycling operations and includes modifiers
such as softening agents, rejuvenators, flux oils
and soft asphalt cements. The method consists of
the following general steps:

1. Evaluation of salvaged materials,

2, Determination of the need for additional
agpregates,

3. Selection of modifier type and amount,

4. Preparation and testing of mixtures and

5. Selection of optimum combinations of new
aggretates and asphalt modifiers.

The overall philosophy of this approach is to
utilize the recycled materials, new aggrezate and
modifier to produce a mixture with properties as
nearly like a new asphalt concrete mixture as pos-—
sible. Standard test methods have been utilized
where possible. The mixture design procedure is
shown in Figure 13 and has been modeled after that
suggested in References 37 to 42. The circled num-
bers on the flow diagram refer to the steps pre-
sented below.

Field Samples (1). Representative field samples
should be obtained from the pavement to be recycled.
A visual evaluation of the pavement should be made
together with a review of construction and mainte-
nance records to determine significant differences
in the material to be recycled along the pavement
section. Roadway sections with significant differ-
ences in materials should not be lumped together
because uniformity and predictability of results
will be impaired. Locations within a project can be
determined on a random basis using the procedure
outlined in Reference 46, At least 5 or 6 locations



should be used as a minimum and a total composite
sample of about 200 1bs. is recommended for labo-
ratory evaluation. If desired, core samples may
also be obtained and used for comparison of origi-
nal and recycled properties such as stability and
resilient modulus (MR) (47).

Extract and Recover Asphalt and Aggregate (2).
Extraction and Recovery tests should be performed
at each location sampled. Results of these tests
(penetration, wviscosity, asphalt content) together
with thickness measurements made from the cores
should help determine the uniformity of the section
under consideration for recycling. Sufficient as-
phalt should be recovered to permit blending with
asphalt modifiers for further testing.

Aggregate Properties (3). Aggregate recovered
from the samples in step (2) above should be tested
for gradation, durability such as Los Angeles
Abrasion and Polish Value if the recycled mixture is
to be utilized as a surface course. These data can
be used to establish project uniformity together
with the recovered asphalt data obtained in step

(2).

New Aggregate (4). New aggregate may have to be
added to the mixture for one or more of the follow-
ing purposes:

1. Satisfy gradation requirements,

2. Skid resistance requirements for surface
courses,

3. Air quality problems associated with hot,
central plant recycling,

4, Thickness requirements and

5. Improved stability, durability, flexibility,
etc.

Gradation requirements for recycled mixtures should
be those presently required by the specifying agency
or those in ASTM D3515.

To provide initial and long lasting skid resis-
tance for the recycled bituminous surface course, it
may be mecessary to blend coarse non-polishing ag-
gregate with the recycled pavement. It appears as
if 40 percent by volume of the plus No. 4 fraction
should be non~polishing to provide the desired skid
performance on moderate to high traffic volume
facilities.

Replacing the recycled pavement with a thicker
section of asphalt stabilized material may be re-—
quired from a structural pavement design standpoint.
This can be accomplished by blending new aggregate
with the recycled material or by the addition of
layers of new asphalt stabilized materials.

Asphalt Demand (5). The asphalt demand of the
proposed recycled material can be estimated from the
following equation:

Dy = VgDp + VDo €D
where:

Dr = Dexe ~ AR =
and

D, = asphalt demand for salvaged or recycled
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aggregate, percent
DCKE = CKE derived 0il Ratios for salvaged or

recycled aggregate, percent
AR = asphalt content of salvaged or recycled

aggregate
DN = CKE derived 0il Ratios for new aggregate,
percent
VR = volume of recycled aggregate in mixtures
VN = volume of new aggregate in mixtures

It should be noted that if new aggregate is not uti-
lized, Equation 1 becomes Equation 2.

The asphalt demand determined in this manner
should be considered an estimate and can be used as
a starting point for mixture design purposes. It
should be noted that the asphalt demand will be
satisfied by the modifier as specified in Tables 7
and 8, These modifiers can be softening agents,
asphalt cements or blends of softening agents and
asphalt cements or emulsified products.

Asphalt Properties (6). Asphalt recovered from
the samples in step (2) above should be tested for
penetration at 77°F and viscosity at 140°F. Asphalt
content, penetration and viscosity should be deter-
mined on all extracted samples. These data can be
used to determine project uniformity

Determine Type and Amount of Modifiers (7) (8).
The type and amount of modifiers can be selected by
utilizing Figure 14 and Tables 1 and 2 (48) together
with a definition of the penetration or preferable
viscosity of the binder in the processed recycled
mixture and a knowledge of the asphalt demand of the
recycled mixture which was obtained in step (5),
Equation 1. TFor example, assume the following:

1. CKE 0il Ratios on extracted salvaged or re-

cycled aggregate, DCKE = 5.0%

2. Percent asphalt in salvaged or recycled
material, AR = 4,07

3. Viscosity of aged asphalt 20,000 poises

4, Additional new aggregate, VN = 30%

5. CKE 0il Ratio of new aggregate, DN = 6.0%

6. Desired viscosity of recycled asphalt =
2,000 poises

From Equations 1 and 2 the following asphalt
demand can be calculated:

D, V.D_ + VNDN 1)

L R'R

Dp = Dexe ~ %r @)

5.0 - 4.0 = 1.0
(.70) (1.0) + (.30) (6.0)
2.5%

Dy

The maximum predicted percent modifier by weight
of total binder in the recycled mixture is there-
fore:

Dy x 100

VRAR 2 DT
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_ 25
= T70) (4.0) + 2.5

x 100

]

47%

By use of Figure 14 the viscosity of the modifier
can be approximated. The figure is entered with the
volume percent of lower viscosity modifier (47%) and
the desired viscosity of the recycled binder to lo-
cate Point A. Point A is connected with the viscos-
ity of the recovered salvaged binder and the line
projected to obtain the viscosity of the modifier.
Table 1 indicates that modifier grade RA 5 would
likely be suitable.

It should be noted that new asphalt cement and a
softer modifier could be utilized to form the new
binder provided air quality requirements can be met.

Modifier Tests (9). Samples of modifiers to be
used on the job should be obtained and subjected to
tests to establish their conformance to specifica-
tions (Table 7 or 8) as well as establish the vis—
cosity of the modifier in order to obtain a more
realistic modifier content (Figure 14).

Blend Modifier With Recovered Asphalt (10). The
modifier which may consit of an asphalt cement and
softener should be blended with the recovered as-
phalt and subjected to viscosity and penetration
tests to determine if the precicted viscosity (pen-
etration) of the blend was accurate. It is sug-
gested that two blends, one 5% above and one 5%
below the percent recycling agent determined in
steps (7) and (8) be made. About 75 to 100 grams of
recovered asphalt for each blend should be utilized.
A third blend may be required to confirm the desired
viscosity or penetration.

Some recycling base stock modifiers may not be
compatible with the salvaged asphalt. Therefore, a
thin film oven test should be performed on the
selected recovered recovered salvaged asphalt-modi-
fier blend. A ratio of the aged viscosity to origi-
nal viscosity of less than 3 will indicate that the
recycling agent is likely to be compatible with the
recovered salvaged asphalt.

Preliminary Mixtures (11). Five different mix-
tures of recycled aggregate, new aggregate if de-
sired, and modifier should be fabricated. Three
samples of each mixture should be fabricated and
subjected to stability testing and tests to deter-
mine the air void content. These preliminary tests
should vary the percent new asphalt cement and/or
the type and amount of modifiers. It is helpful to
have an experienced engineer present during the
mixing and molding operation as subsequent trial
mixtures may depend upon the appearance of the first
few trial mixtures. It should be realized that the
modifiers often have a delayed softening reaction.

Standard mixing and molding operations should be
utilized. An oven curing procedure after mixing and
prior to compaction such as that used in California
appears to be desirable.

Detailed Mixture Evaluations (12). The three
most promising mixtures evaluated in step (11)
should be evaluated in detail for properties which
can be used in pavement thickness design and for
durability considerations such as water susceptibil-
ity. The testing plan as shown in Figure 15 can be
used as a guide. The amount of testing will depend
upon the capability of the agency considering the

recycling project. However, the authors feel that
extraction and recovery tests are important as well
as resilient modulus tests.

Properties of the extracted and recovered bitu-
minous material from the laboratory prepared and re-
cycled mixture are an indication of the compatibili-
ty and durability of the recycling modifiers. Pre-
liminary laboratory testing has indicated that
extraction and recovery tests will identify poten-
tial problems between the "o0ld" asphalt and the
modifier that tests performed on the blend of "old"
asphalt and modifier do not identify.

The resilient modulus appears to be the best
single test to identify the effect of the modifier
on the mixture. This test is sensitive to the
properties of the binder and will help define the
amount of modifier required to produce a binder of
known consistency. Resilient modulus values of the
order of 200,000 to 400,000 psi (measured at 77°F,
0.0 record load duration) are typical of recycled
mixtures blended with modifiers to produce binders
equivalent to AC-10 asphalt cements.

Select Optimum Mixture Design (13). The optimum
mixture design should be based on results of steps
(11) and (12) and economic and energy considera-
tions. Reference 46 can be used as a general guide.
In general, final mixture designs should be based on
stability requirements and air void criteria; how-
ever, the resilient modulus versus temperature re-
lationship shoul be considered. The resilient mod-
ulus versus temperature relationship should be
considered. The resilient modulus should be below
about 900.000 psi (77°F and 0.1 second load dura-
tion).

Mixture Containing Emulsified Modifiers. The
above discussion has been primarily directed toward
the use of recycling agents specified in Table 7 in
cold operations. Recycling in central plants or in
place with emulsified modifiers is also an alter-
native that is considered one number of projects.
The design of mixtures contalning emulsions required
special considerations as outlined below:

1. The properties of the base modifier should
be used in step (7) to determine the type and amount
of emulsified modifier to be used

2. The modifier sample tested in step (9)
should be subjected to those tests required for
specification compliance. Table containes an
example specification for emulsified modifiers,

3. The base modifier should be used for the
blends prepared in step (10). Tests should be per-
formed as outlined in step (10),

4. Mixing and testing of recycled mixtures con-
taining emulsified modifiers should be performed
according to procedures outlined in Reterence 4Y.

Of the 11 methods identified in the reference it is
suggested that The Asphalt Institute Method be
utilized. Curing of the samples prior to testing is
critical and should be closely followed and

5. Criteria for mixture designs are shown in
Table 9. These criteria should be used on an in-
terim basis.

Pavement Design

Pavements containing cold recycled layers should
be designed using methods which are capable of con-
sidering the load carry capability of stabilized
materials. Design procedures advanced by the
American Association of State Highway and



Transportation Officials (AASHTO) (50), U. S. Forest
Service (51), The Asphalt Institute (52), Arizona,
California, Illinois, Louisiana, New Mexico, Ohio,
Texas, Utah (53) and Wyoming have developed proce-
dures in which pavement layer coefficients are
utilized for thickness determination.

Layered elastic approaches can also be utilized
for the design of pavements containing cold recycled
materials. Methods available for use in manual form
include those developed by Chevron (54), Shell (55)
and the Federal Highway Administration. Reference
56 contains descriptions of these methods and is a
good reference for pavement design.

Because of its general widespread acceptability
and use the AASHTO method of pavement design has
been utilized in this paper. A brief description of
the method follows.

AASHTO Method. The AASHTO design procedure is
based on the AASHTO Road Test in Ottawa, Illinois,
and on latter satellite programs. The "AASHTO
Interim Guide for Design of Pavement Structures,
1972" (50) along with National Cooperative Highway
Research Program (NCHRP) Report 128 which reports on
data accumulated by State Highway Departments since
1961 (57) and Highway Research Board Special Report
73 (58) form the background for the procedure.

Figure 16 shows the nomograph solution to the
pavement design equations resulting from the AASHTO
Road Test and with terminal serviceability index
values (Pg) values of 2.0 and 2.5. The nomograph
solution is obtained by first finding the unweighted
structural number (SK) on the center scale for a
given soil support value (S) and total equivalent
18-kip single axle loads (Wijg). The unweighted
structural number value is then corrected by the
regional factor (R) to determine the required design
structural number (SN). The structural number can
then be utilized to calculate pavement layer thick-
nesses. A description of each term associated with
the nomographic and the method used to determine
pavement layer thicknesses follows.

Terminal Serviceability. As noted in the design
nomograph, commonly used values of the terminal
serviceability are 2.0 and 2.5. The pt value is the
lowest serviceability that will be tolerated on the
road at the end of the traffic analysis period be-
fore resurfacing or reconstruction is warranted.

For major highway facilities a value of 2.5 is rec-
ommended while a py = 2.0 is suggested for lesser
traffic volume roads. Normally it is recommended
that the p, value selected should never be less than
2.0. For minor highways, the approach is to keep

Pt = 2.0 but reduce the traffic analysis time
period.

Soil Support Value (S). The arbitrary manner in
which the soil support scale was introduced into the
AASHTO design procedure is discussed in the litera-
ture (57, 58). Because this input value (S) cannot
be directly obtained by testing, each design agency
using the guide must establish correlations between
standard soil tests (e.g., CBR, R, triaxial
strength) and soil support value. Figure 17 illus-
trates such a correlation. Figure 17a is based on a
Utah study while 17b is based on a layered elastic
study (57). A close examination of these two
studies shows that even though the two are in fairly
good general agreement, differences in (S) for a
given soil test procedure do occur. This fact il-
lustrates the obvious necessity to use as much en-
gineering judgement as possible with the selection
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of the soil support value.

Equivalent Wheel Load Repetition (Wg¢jg). For
the AASHTO design method, mixed traffic within a
given period of time (termed the traffic analysis
period) is accounted for by equivalent damage fac-
tors relative to the standard 18-kip single-axle
load (see Reference 56, Chapter 4).

Traffic may be equated to daily 18-kip load ap-
plications if a common 20~year traffic analysis pe-
riod is selected or it may be expressed as the total
18-kip load applications within the traffic analysis
period. Equivalency factors, and hence Wy1g8 appli-
cations, are a function of p and SN. TFor most de-
sign problems, an SN value of 3.0 may be assumed for
the equivalency analysis. This value will normally
result in an overestimation of the W18 but in gen-
eral, the resulting error will be insignificant.

Regional Factor. The regional factor was placed
into the AASHTO design procedure to allow for its
use in climatic environments other than the one that
existed during the Road Test. In its present form,
the R value constitutes a fairly significant input
value but unfortunately is one that, at present, is
not well documented. Based upon an analysis of the
Road Test results dealing with the rate of loss of
serviceability during various climatic periods dur-
ing various climatic periods during the testing,
typical values of R were developed by the AASHTO
guide. These values are shown in Table 10. Based
on an NCHRP state evaluation study of the AASHTO
design guide (57), a generalized R value contour map
has been developed for the U. S. (Figure 18). 1In
most cases, the selection of the proper R value must
be based upon the local conditions of the highway in
combination with the judgement of an experienced
engineer. The recommended range in R by the AASHTO
design guide for U. S. conditions is from 0.5 to
4.0.

Structural Number (SN). The SN is defined as an
index number derived from an analysis of traffic,
road-bed soil conditions, and regional factor that
may be converted to thickness of various flexible-
pavement layers through the use of suitable layer
coefficients related to the type of material being
used in each layer of the pavement structure. The
layer coefficient (designated by aj, aj, and aj,
for surface, base and subbase, respectively) is the
empirical relationship between SN for a pavement
structure and layer thickness, which expresses the
relative ability of a material to function as a
structural component of the pavement (50).

Analytically, the SN is given by

SN = alDl + a2D2 + a3D3

where the Dy values are the respective layer thick-
nesses.

At the AASHTO Road Test, four types of basic
materials were used in the study: crushed stone,
gravel, cement-treated gravel, and bituminous-
treated gravel. Based upon the results of the study
along with an estimation from results of special
base studies at the test, layer coefficients were
established by the AASHTO Committee on Design and
are shown in Table 10.

Since the initial publication of the layer co-
efficients, several state highway departments and
trade agencies have developed their own layer co-
efficients for materials commonly used by their
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respective agencies. Based upon the NCHRP evalua-
tion study of the AASHTO design guide (57), nomo-
graphic solutions of the layer coefficients have
been proposed from a combined analysis of individu-
al state highway results and a theoretical multi-
layered elastic analysis. These nomographs are
shown in Figure 19 and are presented as guides in
assessing relative changes in the aj values as the
measured test response of the material varies.

Since the solution of the AASHTO equation in a
design, SN, it should be realized that any combina-
tion of layer thicknesses and material types satis-
fies the design equation. However, Van Til, et al.
(57) have advocated that, since the flexible pave-
ment is a layered structure, each layer must be
checked to insure that an adequate thickness of
proper material is provided as cover. This logic
parallels that of the CBR design method in which the
thickness of pavement above any specific layer must
be such that excessive stresses (greater than the
strength) do not occur in that layer.

Figure 20 illustrates the suggested procedure
for checking the pavement design on this layered
concept. In essence, the procedure is to select ap-
propriate S7 values for each layer and then compute
the required SN; value from the design equation or
nomograph. By using the differences in SN between
the computed SN required over each layer, the mini-
mum allowable thickness of any given layer must be
obtained.

Minimum Layer Thicknesses. The suggested mini-
mum layer thicknesses for surface, base and subbase
course are 2, 4 and 4-inches, respectively. These
minimums are based primarily upon construction and
maintenance considerations. Obviously, the minimum
thickness for the subbase layer is only applicable
when such a layer is used in the pavement structure.

Coefficients for Recycled Materials. From the
above discussion it is apparent that determination
of layer coefficients for cold recycled materials
is important if pavement structures are to be de-
signed properly. Since cold recycling produces
materials very similar to those produced by conven-
tional stabilization operations, a summary of co-
efficients has been prepared for stabilized mate-
rials and is shown in Table 12. Layer coefficients
for recycled materials have been recently calcu—
lated at Texas A&M University (2, 59, 60, 61).
Table 13 presents a summary of these data obtained
for various types of recycling operations. Struc-
tural coefficients for cold recycled materials con-
taining bituminous binders are shown in Table 14.
These coefficients were determined from laboratory
measured properties of field cores according to the
method explained in References 2 and 20.

Table 15 contains structural coefficients for
cold recycled materials containing lime, cement,
asphalt and SA-1 binders. These coefficients were
determined from in-situ deflection testing accord-
ing to the methods explained in References 2 and 20.
Structural ratios based on stiffness of cold re-
cycled materials are shown in Table 16 (2, 60).

It should be recognized that the structural
layer coefficient is not only dependent on the
material properties of the layer in question but
also on the material properties of the other layers
in the system, the thicknesses of the other layers
and the material properties of the subgrade. 1In
turn, since the elastic material properties of the
other layers may be either stress sensitive, tem-
perature sensitive or both, the structural coef-
ficients are also a function of the type and magni-

tude of loading and the climate.

Properties of Cold Recycled Materials. Typical
properties of cold recycled materials are available
in the literature and unfortunately have been re-
ported on a job by job basis. Preparation of a
summary table of these data would be almost meaning-
less because of the variety of molding, curing and
testing techniques utilized by the various agencies.
Data are, however, being generated at Chevron,
Purdue University and Witco Chemical (among others)
for a wide range of materials. Comparison of these
data which are not available in the literature in-
dicates that cold recycling materials can be pro-
duced which meet the commonly accepted criteria used
for stabilized soils.

Resilient moduli data have been obtained on a
number of core samples obtained from cold recycled
pavements in California, Kansas and Texas. These
data were obtained over a temperature range and are
reported in Reference 2, Figures 21 to 25 illus-
trate typical results for cement, cut-back and emul-
sion stabilized projects. It is interesting to note
that low percentages of cement introduced into mix-
tures does not greatly effect the temperature
dependence of the resulting recycled mixture.

Economics and Energy

Selection of the most appropriate rehabilitation
or maintenance alternative for a particular project
is largely dependent upon cost and energy compari-
sons. A method for selecting appropriate recycling
operations for a given job has been outlined by Finn
(62) at this conference while Halstead (63) has
defined cost and energy considerations associated
with project selection. Cost and energy data as-
sociated with recycling operations will be included
in summary form for completeness.

Cost Considerations

The initial and recurring costs that an agency
may consider in the economic evaluation of alterna-
tive rehabilitation strategies have been defined in
Reference 64 and include the following:

1. Agency costs
a. Initial capital costs of rehabilitation,
b. Future capital costs of reconstruction
or rehabilitation (overlays, seal coats,
etc.),
c. Maintenance costs, recurring throughout
the design period,
d. Salvage return or residual value at the
end of the design period,
e. Engineering and administration and
f. Costs of investments.

2. User costs
a. Travel time,
b. Vehicle operation,
c. Accidents,
d. Discomfort and
e. Time delay and extra vehicle operating
costs during resurfacing or major mainte-
nance.

3. Nonuser costs

Certainly all of these costs should be included if a
detailed economic analysis is desired. However,
definition of many of these costs is difficult while
other costs do not significantly affect the analysis
of alternatives for a given roadway segment. For



the sake of simplicity the method of analysis sug-
gested for use in recycling operations should con-
sider the following costs:

1. 1Initial capital costs of rehabilitation,

2, Future capital costs of reconstruction or
rehabilitation,

3. Maintenance costs and

4. Salvage value.

It is suggested, however, that certain user costs
such as time delay costs during rehabilitation be
considered on high traffic volume facilities. The
reader is directed to Reference 64 for additional
detail.

Initial capital costs of various recycling oper-
ations are available from Reference 2 and are shown
in Tables 17 and 18. Costs of common construction
and rehabilitation operations are shown in Tables 19
and 20,

The cost figures given above are intended to be
representative only. If cost data are available
from the agencies historical records, they should be
substituted appropriately,

Energy Considerations

Transportation of goods and services required 25
percent of the total 90 quadrillion (10153) Btu
(95,000 quadrillion J) annually consumed in the
United States in 1977. This amount increases to 42
percent if the total amount of energy required for
1) the production of raw materials used in transpor-
tation vehicles, 2) manufacture of transportation
vehicles and 3) the production of materials for con-
struction, rehabilitation and maintenance of
transportation facilities 1s considered.

Estimates of the energy consumed for highway
construction are of the order of 1.7 percent of the
total annual U. S. energy demand while maintenance
and rehabilitation operations are estimated to re-
quire an additional 1.5 to 2.0 percent. Information
developed by the author indicates that a reasonable
energy estimate for routine pavement maintenance
operations on our country's 3,800,000 mile highway
system 1s 0.1 percent. Even with this relatively
small percent of total energy consumption associated
with highway construction and maintenance, it is,
none-the-less, important that the engineer optimize
these operations based on energy requirements just
as he presently optimizes his operations based on
cost.

Information given in Table 21 defines energy
requirements for recycling operations. These energy
requirements are intended to be representative only.
If energy requirements for these operations are
available from the agencies' historical records,
they should be substituted appropriately. Energy
requirements for typical construction and recon-
struction operations can be found in Reference 2.

Case Historiles and Example Project

Case Histories. Cold recycling case histories
will be presented in papers prepared by Canessa (48)
and Spelman (65). In addition Reference 1 contains
a summary of over 10 cold recycling projects located
throughout the United States, performed with a vari-
ety of different types of equipment and utilizing
several different construction operation sequences.
A partial list of recycling projects together with
appropriate references are given in Table 22, Re-
view of this literature will be encouragement for
those individuals planning their first cold
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recycling project.

Example Project. An existing highway in central
Nevada presently carries 50 daily equivalent 18-kip
single axle loads. The pavement has extensive al-
ligator cracking in the wheel path and transverse
and longitudinal cracks. The pavement was con-
structed in 1954 with a six-inch crushed gravel base
and two inches of asphalt concrete. The R value of
the subgrade material is 8.

Deflection measurements have been made along the
6-mile project and samples of the material have been
obtained., Overlay design methods based on deflec-
tion measurements indicate that a 4-inch asphalt
concrete overlay is required.

The pavement is located a considerable distance
from a central hot mix plant and cold recycling with
an asphalt emulsion is being considered.

Based on Figure 16 and with the following as-
sumptions;

1. Soil support = 4 (Figure 17a)

2. Daily equivalent 18-kip axle loads = 50
(given)

3. Regional factor = 1 (Figure 18)

4. Terminal serviceability index = 2.5 (as-
sumed)

a structural number (SN) of 3.1 can be calculated.
An acceptable cold recycled pavement section that
will provide this structural number is given below:

1. Surface treatment (chip seal)
2. Nine inches of cold recycled surface, base
and new aggregate

The structural layer coefficient has been assumed to
be 0.35 (Table 13) for the recycled material; thus,
the structural number provided by the section is
3.15 (9 = 0,35).

The anticipated cost of the recycled pavement
section is

Surface treatment = 0.45 (Table 19)

Recycled material (9 x 0.60) = 5.40 (Table 17)

Total = 5.85 per square yard

Due to the remote location and the long haul re-
quired for the aggregates, hot mix 1s expected to
cost $30 per ton in-place. The cost of the 4-inch
overlay would be $6.00 per square yard. In addi-
tion, it is expected that the shoulder work re-
quired for the overlay would be equivalent to adding
another $1.50 per square yard to the cost of the
job.

Energy requirements associated with the two al-
ternatives can be calculated as shown below:

Cold Recycling Alternative
Surface treatment = 4,000 (Reference 2)
Recycled material 9 x 17,000 = 153,000
j (Table 21)
Total = 157,000 Btu per square yard

Overlay Alternative
Asphalt concrete 4 x 28,000 = 112,000
(Reference 2)
Shoulder work = 42,000 (estimated)
Total = 154,000 Btu per square yard

It is important to realize that the comparison
of alternatives based on cost should be over their
life. Life cycle costing techniques are defined and
worksheets are available in Reference 2.

Mixture designs using emulsions can be performed
as outlined in this paper. As stated above Refer-
ence 49 is an excellent guide to assist in selection
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of the emulsion content. Since the amount of binder
in the old surface is small compared to the total
binder requirements for the 9-inch recycled layer it
is doubtful if the hardness of the old asphalt
should be considered in the selection of the emul-
sion.

Conclusion

Cold recycling offers several advantages. E-
quipment required for the process 1s minimal and
processing in~place affords the opportunity to cor-
rect structural and material problems quickly and,
therefore, without prolonged disruption of traffic.
Where an existing asphalt concrete course 1s pul-
verized and mixed together with the existing aggre-
gate base, the residual asphalt acts as an excellent
binder to help make the recycled base waterproof and
less frost susceptible. The addition of new binder
or chemical stabilizer, such as lime or cement, may
further up-grade the recycled base by reducing swell
potential where active clays are present in the
base, by reducing freeze-thaw potential, by water-
proofing the base aggregate and/or by increasing the
load carrylng capacity of the pavement structure.

With an increased load-carrying capacity in the
base course, the pavement structure may be con-
structed thinner. A thinner pavement structure
could mean less total materials required and, there-
fore, a savings of "virgin," select materials.
Another advantage is that any material generated as
waste due to grade requirement of the new surface
course can be sold or stockpiled for future use.

Generally the equipment required for in-place
recycling is of the basic road building type and is,
therefore, available at almost any location. Fur-
thermore, since in-place recycling is quite versa-
tile in terms of the equipment required and the con-
struction sequence, the engineer can tailor the
operation to handle any peculiarities of the proj-
ect. Since the equipment required is widely used,
equipment operators are readily available.

The binders most widely used to upgrade the
existing base aggregate (i.e., liquid asphalt, lime,
cement, and fly ash) are usually acquired economi-
cally. 1In addition, the agencies associated with
these products (The Asphalt Institute, the National
Lime Association, the Portland Cement Association)
provide detailed construction procedures and sug-
gestions for optimizing the benefits from the use of
these binders.

Major items of present concern should be recog-
nized. These are stated very briefly below:

1. Reliability and productivity of pulveriza-
tion and mixing equipment.

2. Uniformity of distribution of stabilizers
and/or recycling agents.

3. JUncertain strength gain associated with cold
recycled materials.

4., Rate of softening of the old asphalt cement
by the emulsified recycling agents.

Obviously many of these concerns are common to soil
stabilization.

The ultimate decision as to the application of
in-place recycling is based on a total evaluation
considering user utility, structural requirements,
energy expenditures, and cost.
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Table 1. Major advantages and disadvantages of recycling techniques
Recycling Techniques Advantages Disadvantages
Surface o Reduces frequency of reflection cracking ¢ Limited structural improvement
e Promotes bond between old pavement and s Heater-scarification and heater-
thin overltay planing has Hmited effectiveness
e Provides a transition between new over- on rough pavement without multiple
lay and existing gutter, bridge, pave- passes of equipment
ment, etc. that is resistant to raveling o Limited repair of severely flushed
{eliminates feathering) or unstable pavements
® Reduces localized roughness due to e Some air quality problems
compaction e Vegetation close to roadway may be
e Treats a variety of types of pavement damaged
distress {raveling, flushing, cor- e Mixtures with maxinmum size aggregates
rugations, rutting, oxidized pavement, greater than 1-inch cannot be
faulting) at a reasonable initial cost treated with some equipment
¢ Improve skid resistance o Limited disruption to traffic
In-Place ¢ Significant structural improvements | @ Quality control not as good as central
e Treats all types and degrees of plant
pavement distress . ° Traff1c disruption
o Reflection cracking can be eliminated |go Ppulverization equipment in need of
o Frost susceptibility may be improved frequent repair
e Improve ride quality s PCC pavements cannot be vecycled in-place
o Improve skid resistance e Curing is often required for strength gain
e MNinimizes hauling ’
Central o Significant structural improvements
o Treats all types and degrees of pave-
ment distress o Potantial air quality problems at
@ Reflection cracking can be eliminated plant site
o Improve skid resistance o Traffic disruption
e Frost susceptibility may be improved
o Geometrics can be more easily altered
¢ Improved quality control if additional
binder and/or aggregates must be used
o lnmprove ride quality

After reference 2.

Table 2. Road and Street Mileage in the United States Classified by Type
of Surface-1978.
. P '3

Type of Surface Mileage nggﬁngi?eage
Non-Hard Unimproved 283,976 7.3
Surfaced Graded and Drained 397,986 10.2

Soil and Rock 1,192,052 30.7

Total 1,874,052 48.2

Bituminous 1,078,382 27.8
Hard Low Strength
Surfaced Bi tuminous 811,553 20.9

High Strength

pcc” 120,812 3.1

Total 2,010,747 51.8
Total 3,384,761 100.0
Mileage

'Portland cement concrete with or without asphalt concrete overlay

After reference 21.

Table 3.

Equipment Typically Associated with Mixed-In-Place
Subgrade Stabilization Operations.
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CONSTRUCTION CPTIAT [On

{flat type)
Holar grades

STABILIZER STANILITTR | Pasiaizarion
SOIL PRCPARATION WPLICATION | AND HERING COMPACTION CURING
Line® “Single-shaft rotary | <Dry-bagged *Single- and | «stwees root | avanatn memirams
mlner (flat type) =dry bulk mlti-ghaft “Paw N3 sHater vprinkling
tor grader “Slurey rotary mixers “itre] whanl
“Diac Harrow Aurry thru | Hotor graders
-Other agricultural- | miser +Other agricultural-
type equlpsant type equipment
Lime ar +Single-shaft rotary | «fapars “Saem an Vina “iteel wharl <Avgnall mewtrana
cenent, , mizer (flaL type) guﬂ‘ug Eatian Prausatic “Matar ipeinkling
Fly ash -Rotor grader Ve o ~¥ibratery
“Dis¢ har
-Othar agriculturat- _n;":;{'__
tyPu equipmant condi tioned
«Comb lned
iplliaitg
+Dry-baggad
Ory dulk
Comnt 7 +Singlu-shaft oty +Ory-baggad +Sama it lime =Sheep's foot | +Anphalt meabrans
mixer (Flat type) <Ory bulk ~Preunatic “uatee 1peimtling
Kotor gra (clay sotts)
Olsc horrow “Yitratory
Saunariagh cullursl- {granular
type equi sotls)
Asphalt Hotor grader “Asphalt vpray | +Stagle- ang Papumat i “Volatiles should
tar; i) Al wheal be allowed to
nizar {flat lyp() sDuring ain- roury mizer Wibratory escape and/or
ing process

the pavesant to
cool

COMENTS

SAFETY PROCEQUAES

1 faunle 48] icatinn of |lae aiy 14 sasaieed is Pciiisate alkirg,

The 1 Ir twmparaiure ihedld Be grestar than 40%:50°F 1o
umm Hn-llt umm A

trectiss yiseld e i warly estugs (o sumar or'fall
:o lhu Mrlcml «nllllw -m n Bines 8 renizt Preeee

:‘m spraasing should be svolded on windy
.
mpn:mm-. 380918 1 warn 10 Ml

Wariman Mli Aveld pratanged contes
wIth Vs ind breathieg |ine unt.

H
Fly awh munt e contitionsd with maditers gefar to dlatribution

ta areeent dunting,
LAL ﬂvactlu\ ARould be completes sharily after stabili-
™

11 and alr teparature should e grrater than 40°-S0°F to

TRy .
Eo-llﬂuuu Whasl g leled wdrly essugh In quveas or fall
30 Lk vl figlent ﬂutmllt:f -|II B gained 16 reaist thaw-
frivin actios,

Ty ash, |ime and cemest spraading should
b .l-oldld In windy gays.

hould avold gralonged contact
Ill ll!u stadllizery aad breathing the
azabilizars,

Mixing and compaction aust be completed shortly aftar stabilizer
apolfcacion,

The 50i1 and alr tasparaturer should be greatar thas #3°F to
insure an adequate rite of slrength qain,

CansEructian should ba comieted eariy sraugh In sumer or fall
50 that sufflciemt durabi)ity will be gained lo rawiss freeze.
thaw actlon,

Cement 3praading should be avoided on
windy days

Vorkmen 4hduld aveld prolaaged ceatict
withcanent and breathing the comeat dust.

11 valityre esalant mst e sc8ipvad Lo 414 Elitribu-

anatartal |Awl-|u lmpcrlr mnun Prbar bt compact lon
il-l alr teepel shoul beve 40'F 13 allew for
iy e VAT IE ant time frr s w-umu AF bt e

{* Hin are it
o Eifts u‘ An WIpRATL cement iLagilieed materinly cos be
eheced balow 1

Proper clothing should be warn so that
n can avold skin contact with
quicklime,

After reference 24.
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Table 4.

Type of Stabilizer

Climatic Limitations

Do not use with frozen soils
Air temperature should be 40 F (5 C)

Climatic Limitations and Construction Safely Mrecautions.,

Construction Safety Precautions

Quicklime should not come in contact
with moist skin

Lime and rising Hydrated 1ime [Ca(OH)g] should not come
and Complete stabilized basc construction ;zncggtagiigégho?o;iﬁpsk1n for pro-
Lims-Fly Ash one month before first hard freeze gea p & 2
i ) Two weeks of wana to hot weather are Safety glasses and proper protective
dETRAETE prio; o Fad | Bnd wirifer clothing should be worn at all times
temperatures
Do not use with frozen soils Cement should not come in contact with )
Cement Air temperature should be 40 F (5 ) moist skin for prolonced periods of time
and and rising Safety glasses and proper protective

ComplEte SYaET) i98d Tayer one clothing should be worn at all times

week before first hard freeze
Air timperature should be above 32 F
(0 C) when using emulsions

Air temperatures should be 40 F (5 ()
and rising when placing thin
1ifts (1-inch) of hot mixed
asphalt concrete

Cement-Fly Ash

Some cutbacks have flash and fire
points below 100 F (40 C)

Hot mixed asphalt concrete temperatures

Asphalt may be as high as 350 F (175 C)

Hot, dry weather is preferred for
all types of asphalt
stabilization

1in. = 2.54 X 1072 mm,

After reference 24.

Table 5. Tentative Short-Term Soil-Lime Mixture Compressive Table &,  Criteria for Soii-Cement as indicated by Wet-Dry
Strength Requirements. and Freeze-Thaw Durability Tests
AASHTO Unified Soil Max. Allowable Weight
Sefl Group Group Loss - Percent
Residual Strength
Anticipated Use Requirement, PSI A-1-a GW, GP, GM, SW, SP, SM 14
A-1-b GH, GP, SM, SP 1%
Modified Subgrade 20
A-2 GM, GC, SM, SC 14
Subbas
¢ A-3 sp 14
Rigid Pavement 20 A4 oL, ML 10
Flexible Pavement A-5 ML, MH, CH 10
Thickness of Cover A-6 CL, CH 7
10 Inches 30 A-7 OH, MH, CH 7
8 Inches 40 “10% is maximum allowable weight loss for A-2-6 and A-2-7 soils,
5 Inches 60 Additional Criteria:
Base 100 i

Maximum volume changes during durability test should be less
than 2 percent of the initial volume.

2. Maximum water content during the test should be less than the

After reference 35. quantity required to saturate the sample at the time of molding,

w

Compressive strength shouid increase with age of specimen.

After reference 24.



Table 7.- Proposed Specifications for Hot Mix Recycling Agents].
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ASTM Test RA 5 RA 25 RA 75 RA 250 RA 500
Method Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
Viscosity @ 140°F, D 2170 or )
cSt 21N 200 800 1000 4000 5000 10000 15000 35000 40000 60000
Flash Point
coc, °F D 92 400 - 425 - 450 - 450 - 450 -
Saturates, wt. % D 2007 - 30 - 30 - 30 - 30 - 30
Residue from
RTF-C Oven 2
Test @ 325°F D 2872
Viscosity Ratio’ 5 3 3 w S - I 3
RTF-C Oven
Weight Change 2
% D 2872 - 1 - 4 - - 2 - 2
Specific Gravity D70 or
D 1298 Report Report Report Report Report

1. The final acceptance of recycling agents meeting this specification 1s subject to the compliance
of the reconstituted asphalt blends with current asphalt specifications.

2. The use of ASTM D 1754 has not been studied in the context of this specification, however, it

may be applicable,

RTF-C Viscosity at 140°F, ¢St

3. Viscosity Ratio = Gy Viccosity at 140°F, cSE

After Reference 48,

Table 8. Interim Specifications for Emulsified Modifiers.

In cases of dispute the reference method shall be ASTM D 2872,

Function and

Property Purpose

Test Method

Specifications

Viscosity @ 77°F, SFS Ease of Handling
Pumping Stability

Emulsion Coarseness, Percent Optimal Distribution

Sensitivity to Fines, Percent Adequate Mixing Life

Particle Charge

Assurance of 011 Content and
for Calculations

Concentration of 0il Phase, Percent

Prevention of Premature Breaking

Preferential affinity to Asphalt

ASTM D 244-76
G.B. Method'?)

Sieve Test, (3)
ASTM D 244-76 (MOD

Cement Mixing,
ASTM D 244-76

ASTM D 244-76

ASTM 0 244-76 (Mop)¢?)

15-85

Pass

0.1 Max.

2.0 Max.

Positive

60 Min.

1. 011s used for emulsions must meet specifications listed in Table 7,

2, Pumping stabil{ty 1s determined by charging 450 mi of emulsion into a one-liter beaker and
circulating the emulsion through a gear punp (Roper 29,822621) having 1/4" {nlet and outlet,
The emulsion passes 1f there 1s no significant ol1 separation after circulating ten minutes.

3. Test procedure identical with ASTM D 244 except that distilled water shall be used in place of

two percent sodium oleate solution.

4. ASTM D 244 Evaporation Test for percent of residue 1s modified by heating 50 gram sample to
300°F until foaming ceases, then cooling immediately and calculating results.

After Reference 48.
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Table 9. Test Methods.

Base or Temporary Surface Permanent Surface

Test Dense Open Dense Open
Me thod Graded Graded Graded Graded
Coating, % 50 min, 50 min. 75 min. 75 min.
Run-off, % Residual Asphalt N. A, 0.5 max. K. A. 0.5 max.
Wash-off, % Residual Asphalt N. A. 0.5 max. N. A. 0.5 max.
Combined (Run-off and Wash-off), % N. A. 0.5 max. N. A, 0.5 max.
Resistance R -Value Early Cure” 70 min. N. A. N.A. N A
@ 73 + 5°F Fully Cured +
(237+ 2.8°C) Water Soak" 78 min. N. A, N. A. N. A.
Stabilometer S-Value
*
@ 140 + 5°F N. A. N. A. 30 min.  N. A.
(60 + 2.8°C)
c°g°§§°;‘§f; C-Yalue garqy cure” s0 min.™™ N A. N.A. KA.
o
(23°% 2.8°C) Fully Cured + P
-
Water Soak 100 min. N. A, N. A. N. A.
Cohesiometer C-Value
i
@ 140 * 5°F N. A. N. A. 100 min. N. A.

(60 ¥ 2.8°C)

'Cured in the mold for a total of 24 hours at a temperature of
73 + 5°F (23 + 2.8°C).

*
'cUred in the mold for a total of 72 hours at a temperature of
73 + 5°F (23 + 2.8°C) plus vacuum disiccation.

Wik
Applicable to temporary wearing surface only.

Note: Besides meeting the above requirements, the mix must be
reasonably workable (i.e., not too stiff or sloppy).

After Refarence 13.

Table 10. Regional Facrors®

Condicion R Value
Roadbed materials frozen to depth of 5 in. or mora 0.2-1.0
Roadbed materials dry, summar and fall 0.3-1.5
Roadbed materials wet, spring chaw 4.0-5.0

2From AASHTO Interim Guide (50).

Table 11. Structural Layer Cosfficients Proposed by

ASHO Commictee on Dasign,” October 12, 1961

Pavement Component Co-!ﬂ:im:b

Surface course

Roadmix (low stabilicy) 0.20
Plaurmix (high stability) 0.44%
Sand asphalt 0.40
Base courss
Sandy gravel 0.07°
Crushed stone 0.14%
< d (no soil )
Compressive etrmgth & 7 days
650 psi or -v:nf1 0.23°
400 psi to 630 pei 0.20
400 psi or lass 0.15
Bitupinous-tresced
Course-graded 0.36°
Sand asphalt 0.30
Lime~creatad 0.15-0.30

Subbase courze
Sandy gravel 0.11
Sand or sandy clay 0.05-0,10

*Established from AASHO Boad Tasc data
“Prom AASEO Interim Guide (50).

ht: is expected that each state will study thaese coefficients and
make such changes as experienca indicecss necessary.

“This valus has besn escimmted from AASHO Road Tesc data, but not
to the accuracy of thoss factors marked with an asraerisk.

dCo-prn-iv- strength at 7 days.



Table 12. Structural Layer Coefficients Developed

from Various Sources.

Table 14, Struclural Coefftcionts of Kecycled Bases Whore the Mecycled Bases wers Stabibized with &
Situminous Binder (Charactarized by Ujesetral Rusillunt Hodulus versus Teaperature).

Rucyclad Bane Detcription uf Neiycled ;”u;-;.n ‘;1‘:& (mu LM
., | " I iichnets, Jislen =)
STABILIZER | LAYER HATERTAL COEFFICIENT (note) e degsu ke ! 323
talifornie {Rejuvesatar) 12 0.38
.38
8surface | Road mix (low stability) | 0.20(a) 0.15(k) Mussel Avenu, Crushed M 0.42 °
Plant mix (high stabil, 0.44(8) 0.30(h) Fresno Countly 10 :ynnm |: “g
0.25 - 0.3‘(1) 0.30(k) CaVifornia {Rejuvenator} - B .
Sand asphalt 0.40(a,d,n) 0.20(h) us. l"g...' 6, trushl.:t‘ ; :i“ : 0.4
0.25(e) 0.28(9) e R P 2 o e
Asphalt 1.5, Wighuay 56, Crushad AC + 13 j o 0.39
Bgase Bituminous treated 0.175 - 0.21(9g) Pawmue Co., Kensan ) a 0.36
coarse graded 0.34(a,b) 0.24 (m) 0.30(d) (sictioat) . O3 iy
sand asphalt 0.30(a) 0.25(d) :.s. Utgmay 56, i:‘-:‘ ‘f 3 |‘-.£x y H nn.:o;
- ., Kaw + V.65 AC - X
Sand gravel 0.25 - 0.34(e) frovetivg B and 41 Waler 2 on
Asphalt stabilized 0.10(f) "y e
Truek Higiway 94, Crushed A 1 0.50
bg.s. Sandy gravel o_ni. ,b) Hiwwsola hlulm luu 42,88 Ig gﬁ
Crushed stone 0.14(*) avp e
Untreated 120, Ruscos, Crushed AL+ 1 ’ 04s
subbase | Sandy gravel 0.11(*) s EAN1 1 Dasa 2 e
Sand or sandy clay 0.05 - 0.10(a) . ) av. T em
b U5, Wbglway Crushed M: 1 4 0.56
Base | Lime-treated 0.15 - 0.39(a,n) 84, Saydar, Tonas RS e M o
Lime 0.15 - 0.20(h) {Suction 1) avg. 0.49
<
Subbase | Lime-treated clay-gravel | 0.18(c) 0.14
Lime-treated soil 0.11(p Alser:atarencd &
Lee - Pgase Lime - Fly ash base 0.25 - 0.30(c)
y as
7-day compressive
strength:
650 psi or more 0.2 (a. n,k)
b 400-650 psi 0.2 é 0.17(k fsble 16. Structura) Coofflcients of Rucycled Bases Micre the Recycled Layer was Characlerized by
Cement Base 400 psi or less 0.1 6.12(k In-Shtu Dyaamic festimg.
Soil §ement 0.20 ;il)
Grave 0.17 [ fon of Ja-Site Oynomic  Ref [ ]
Cement-treated 0.15 - 0.25(p) Hacyclud Bsse u:;:m Sise .&33?.1' ' © Thichnass, Inchas ..:
3 Pundurusa Avenve, Crushad AL ¢ 4 0.3
1 psi = 6.89 x 10° Pa Inclined Village, mm Basu ¢ 190,000 8 o
Notes for Table 12 Wuvada prig (i) A:: oz
V.S, Highway SO, Crimbad AC + 4 0.29
* Established from AASHO Road Test Qaylon, Navada smu-' Basa b 120,000 8 0.26
Cement (Appron. 2.68) R ]
a From AASHO Interim Guide, 1972 (50) - ’
0.5 Wighway 91, ] 0.49
b This value has been estimated from AASHO Road Test data, but not Malix Rarade i e — 2 0%
to the accuracy of those marked with an asterisk. : = ?mm Gl A\.r: :L:;
c :5!:: i%:";f..‘,:. g:smg?g Practice, No. 37, “Lime-Fly Ash-Stabilized s i S O E.,:';',:g::;h o e - ‘é §§
. Liva v e
t Apprun. l; Limm Avg. 0.6
d Alabama (from a above) k New Mexico Eibhart, Tmliane et AG . on
Arizona (from a above) P Tvania Cibty it 3 i i 14,00 e 0%
e Ar A; Femnsylv SA-1 Stab M ser vy 0.26
f Deleware m South Dakota Flint, Hickigen Crushed AC + ] 0.27
Inlerstate 69 Enisting Bess 116,000 [} 0.24
s Wmesos n Wisconsin b a
b Montana H A Shoulder s
P Iyoming After raference 2.
1 Nevada
J New Hampshire
Table 13, Typical AASHTO Structural Layar Coaffictents
=S —_— = e e
Trpe of Meeyclod Miteela)  (ad ts  Ranga of o e Webar: b, Tu *1 Lirtr 404 Rater s}
_ Camputed L] ot MANIHTO Mosd Test
Cantral Plent Surface 0.37-0.59  0.48 " 0.44
Racycled Asphalt
Concrete Surface
Central Plaat
Recycled Asphalt Base 0.37-0.49 0.42 3 0.3
Concrate Base
Ia-Placa lx)clvd
Asphalt
Sllbllill‘ wllh Allel 1] 0.22-0.49 0.3 L) 0.35
/ar an Asphalt
Hoditier
In-Place Racyclad
Asphalt Concrsta and
Exlating Base Haterla) Basa 0.22-0.42 (%3} ‘ 0.15-0.23
Stabilzed with Camant
In-Place Bexycled
AMphalt Concrate
and Enlsting Saza Base 0.40 0.40 ] 0.15-0.30
Stabfilied itk
in- Pllu Incy(l:a
Asphall d Mix Surface 0.42 0.42 ]

smmua with
Asphait

Ater referesce 80,

85
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Table 16. Structural Stiffness Ratios for Recycled Layers.

Project

11th Avenue,
Hanford, California

Russell Avenue,
Fresno, California

18th Avenue,
LeMoore, California

Highway 45,
Yolo, California

U. S. 56, Pawnee
County, Kansas

U. S. 50,
Dayton, Nevada

U. S. 93,
Walls, Nevada

Ponderosa Avenue,
Inclined Village,
Nevada

After reference 2.

Description of Layer

Recycled Asphalt
Road Mix Surface

Recycled Asphalt
Stabilized Base

Recycled Asphalt
Stabilized Base

Recycled Lime
Stabilized Base

Recycled Cement
Stablized Base

Recycled Cement
Stabilized Base

Recycled Cement
Stabilized Base

Reference
Layer

Conventional
Road Mix Surface

Conventional
Road Mix Base

Conventional
Aggregate Base
AC Surface

AC (full depth)

AC Surface

Recycled Cement
Stabilized Base

AC Surface

AC Surface

Stiffness
Ratio

Recycled/Reference

1.00

3.44

2.40

1.24

1.12

0.42

1.15

0.56

Table 18. Representative Costs for Pavement Recycling Operations - 1979,

Table 17. Costs of Common Recycling Operations - 1979.

Representative Cost
Dollars - Per
Square Yard - Inch

Recycling Operation Average Range
Heat and Plane Pavement - 3/4 inch depth 0.30 0.15 - 0.60
Heat and Scarify Pavement - 3/4 inch depth 0.50 0.15 - 0.90
Cold Mill Pavement 0.85 0.30 - 1.25
Rip, Pulverize and Compact - Existing 0.25 0.13 - 0.45

Pavement less than 5 inches of

Asphalt Concrete
Rip, Pulverize, Stabilize and Compact - 0.45

0.20 - 0.50

Existing Pavement less than 5 inches

of Asphalt Concrete

Rip, Pulverize and Compact - Existing 0.30 0.15 - 0.50
Pavement greater than 5 inches of

Asphalt Concrete
Rip, Pulverize, Stabilize and Compact - 0.50

0.25 - 0.60

Existing Pavement greater than 5
inches of Asphalt Concrete

Remove and Crush Portland Cement Concreta 0.60 0.30 - 0.90
Remove and Crush Asphalt Concrete 0.40 0.20 - 0.60
Cold Process - Remove, Crush, Place, 0.50 0.30 - 0.75
Compact, Traffic Control - (Cold
Process) without Stabilizer
Cold Process - Remove, Crush, Mix, Place 0.60 0.35 - 0.90
Compact, Traffic Control - (Cold
Process) with Stabilizer
Hot Process - Remove, Crush, Place, 0.75 0.45 - 1,20
Compact, Traffic Control - without
Stabilizer
Hot Process - Remove, Crush, Mix, Place, 0.90 0.50 - 1.25

Compact, Traffic Control - with

Stabilizer

Costs are for a square yard inch except where listed.

12 K
1 yd = 8.361 x 10 ! m" 1in. = 2.54 x 10

After reference 2.

ZM

Representative Cost
Per Square Yard

Type Operation Option or Expected Results Average Range Assumptions
Heator Plaier Without additional aggregate A 0.60 0.45 - 1.15 Heat, plane, clean-up, haul, traffic control
With additional aggregate A2 0.55 0.40 - 1.00 Spread aggregate, heat, roll, traffic
control and clean-up.
Heater scarify only A3 0.60 0.35 - 1.00 Heat, scarify, recompact, traffic control
(3/4 inch scarification),
Heater scarify plus thin A4 0.40 1.00 - 1.75 Heat, scarify, recompact, add 50 lbs. of
@ Heater Scarify overlay of aggregate asphalt concrete per square yard, compact,
9 traffic contro! (3/4 inch scarification).
[
s Heater scarify plus thick AS 4.10 3.25 - 5.00, Heat, scarify, recompact, add 300 lbs. of
b overlay asphalt concrete per square yard, compact,
2 traffic control (3/4 inch scarification).
< — e —
Surface milling only A6 0.75 0.45 - 1.50 Milling, cleaning, hauling, traffic control
1 inch removal).
Surface Surface milling plus A7 3.25 2,50 - 3.75 Milling, cleaning, hauling, 200 lbs of
Milling or thin overlay asphalt concrete, traffic control {1 inch
Grinding removal).
Surface milling plus AB 5.75 4.70 - 7.20 Milling, cleaning, hauling, 400 ibs. of

thick overlay

asphalt concrete, traffic control (1 inch
removal).




Table 18. Continued,
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Type Operation

Option or Expected Results

Representative Cost
Per Square Yard

Assumptions

Asphalt Concrete
Surface less
than 5 inches

Minor structural improvement
without new binder

Minor structural improvement
with new binder

Major structural improvement
without new binder

Major structural improvement
with new binder

Rip, pulverize and remix to 1 inch depth with
2 inches of asphalt concrete, traffic
control,

Rip, pulverize and remix with stabilizer to 4
inch depth with 1 inch of asphalt concrete,
traffic control.

Rip, pulverize and remix to 6 inch depth with
4 inches of asphalt concrete, traffic
control.

Rip, pulverize and remix with stabilizer to 6
inch depth with 2 inches of asphalt con-
crete, traffic control.

In-Place

B.

Asphalt Concrete
Surface
greater than
5 inches

Minor structural improvement
without new binder

Minor structural improvement
with new binder

Major structural improvement
without new binder

Major structural improvement
with new binder

Average Range
B1 3.50 2.75 - 4.25
B2 3.00 2.40 - 3.70
B3 6.50 5.10 - 7.90
B4 5.10 4.10 - 6.20
85 3.75 3.00 - 4.50
B6 3.25 2.60 - 3.90
B7 6.90 5.50 - 8.25
B8 5.50 4.35 - 6.65

Rip, pulverize and remix to 4 inch depth with
2 inches of asphalt concrete, traffic
control.

Rip, pulverize and remix with stabilizer to
4 inch depth with 1 inch of asphalt con-
crete, traffic control.

Rip, pulverize and remix to 6 inch depth with
4 inches of asphalt concrete, traffic
control.

Rip, pulverize and remix with stabilizer to
6 inch depth with 2 inches of asphalt con-
crete, traffic control.

Table 18. Continued,

Option or Expected Results

Representative Cost
Per Square Yard

Assumptions

Minor structural improvement
without new binder

Minor structural improvement
with new binder

Major structural improvement
without new binder

Major structural improvement
with new binder

Remove, crush and replace to 4 {nch depth
with 2 inches of asphalt concrete,
traffic control.

Remove, crush, mix and replace to 4 inch
depth with 1 inch of asphalt concrete,
traffic control.

Remove, crush and replace to 6 inch depth
with 4 inches of asphalt concrete,
traffic control.

Remove, crush, mix and replace to 6 inch
depth with 2 inches of asphalt concrete,
traffic control.

Type Operation
Cold Mix

Process
-
=
~
o
o
-
o
c
W
(&)
o

Minor structural fmprovement
without new binder

Minor structural improvement
with new binder

Major structural improvement
without new binder

Major structural improvement
with new binder

Average Range
cl 4.50 3.60 - 5.40
c2 3.75 3.00 - 4.50
3 8.00 6.40 - 9.70
c4 6.25 §.00 - 7.50
c5 4,90 3.90 - 5.90
c6 4.10 3.25 - 5.00
c7 8.25 6.60 - 9.90
c8 6.50 5.25 - 7.75

Remove, crush and replace to 4 inch depth
with 1.5 inches of asphalt concrete,
traffic control,

Remove, crush, mis and replace to 4 inch
depth with 1/2 inch of asphalt concrete,
traffic control.

Remove, crush and replace to 6 inch depth
with 3 inches of asphalt concrete,
traffic control.

Remove, crush, mix and replace to 6 inch
depth with 1 inch of asphalt concrete.

After reference 2.
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Table 19. Cost of Common Pavement Construction Operations - 1979,

Represantative Costs
Dollars - Per Square

Yard - Inch
Construction Operation Average Range
Crushed Stone Base 0.60 0.30 - 0.75
Gravel Base 0.50 0.20 - 0.7
Lime Stabil{zed Subgrade 0.30 0.15 - 0.45
Cement Stabilized Subgrade 0.40 0.20 - 0.50
Cement Treated Base 1.00 0.60 - 1.40
Asphalt Treated Base 1.00 0.60 - 1.25
Lime--Fly Ash--Aggregate Base 0.90 0.60 - 1.00
Chip Seal 0.45" 0.20 - 0.55"
Asphalt Concrete 1.25 0.70 - 1.50
Portland Cement Concrete 1.65 1,00 - 2.50

'Price per square yard of surface,
1yd = 8.361 x 107" n?

11n. = 2.5 x 1072 m

Table 20. Cost of Pavement Rehabilitatton Operations - 1979.

Representative Cost

Dollars - Per

Approximate Square Yard
Thickness,

Rehabiiitation Operation Inch Average Range
Chip Seal Coat 1/2 0.45 0.20 - 0.5%
Fabric Interlayers 1/4 1.10 0.75 - 1.75
Asphal t-Rubber Interlayer 1/2 1.25 0.90 - 1.50
Open Graded Friction Course 5/8 1.50 1.00 - 2.50
Asphalt Concrete (Dense Graded) 1 1.50 1.00 - 2,50
Asphalt Concrete (Dense Graded) 2 2.60 1.80 - 4.50
Asphalt Concrete (Dense Graded) 3 3.30 2.40 - 6.00

1 yd? = 8361 x 107" m?

1in. = 2.5 x 102 m

Table 21. Representative Energy Requirements for Pavement Recycling

Operations.

Thickness of

Recycling Method Btu/vd? Treatment, In.
Heater-Planer 10,000 - 20,000 3/4
Heater-Scarify 10,000 - 20,000 3/4
Hot-Mi11ing 2,000 - 4,000 1
Cold-Milling 1,000 - 2,500 1
In-Place Recycling 15,000 - 20,000 1
Hot Central Plant Recycling 20,000 - 25,000 1

After Reference 2.

1 Btu/Yd® = 1381 J/m
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Table 22. Partial Listing of Cold Recycling Projects

State Recycled Material Type of Agent Reference

Alabama Surface, Base Cement 65

California SubBase, Subgrade 2, 65, 71, 88, 92

Florida Limerock Base 66

Ilinois Surface Cement 65

Indiana Surface, Base None, Chemicals ‘83

Kansas Surface, Base Cement, Cutback, Emulsion,| 2, 79, 82, 91

Louisiana Surface, Base Bithm:: PRSI pyeal 91

Maine Surface, Base 73, 74, 77, 86

Massachusetts Surface, Base 75

Michigan Surface and Base 67, 68, 71, 81, 89, 90

Misssouri Surface, Base Emulsion 87

Nevada Surface and Base 2, 69, 91

New Mexico Surface, Base Cement 91

North Dakota Surface None 65

Texas Surface 70, 76, 78, B0

Utah Surface Cement 65

Vermont Surface, Base Emulsion 85

Virginia Surface, Base Cement 65

Wisconsin Surface, Base None, Cement, Emulsion, 84, 91
Chemicals

FHWA Surface, Base None, Emulsion, Chemical 65
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Figure 1. Recycling as a rehabilitation alternative,
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ROUGHNESS ZERFORMANCE
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FIELD SAMPLES &
LABORATORY TESTS
After reference 2.
Figure 2. Cold In-Place Surface and Base Recycling.
Fine Grade Prime and Place
and Surface Course
Compact as Required
Pulverize Pavement
and Base Materia)
- (Asphalt Concrete
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Surfaca Course
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Tack and Place
Surfece Course
os Required
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After reference 2.
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Figure 3. Typical Cold In-Place Recycling Operation Without Restabiltzation.
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After reference 2.

Figure 4. Typical Cold In-Place Recycling Operation with Modifier Agent and Additional Binder.
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After reference 2.
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Figure 5.

Prepare
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Figure 6.
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After reference 24.

Pulverize Pavement
And Base Material

Cold Central Plant Surface and Base Recycling.

Construction | |
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Basic Material
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After reference 1.

Process with
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Figure 8. Selection

of Stabilizer

|

Cement Stabilization l

Bitwninous Stabilization
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After reference 33.

—{ P1 > 30

Figure 9. Design Subsystem for Stabilization with Lime.
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After reference 39.

Lol ]
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reactivity > 50
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or by vacuum soak
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(Table 5)




Freeze/Thaw Strength Loss, psi

Vacuum Immersion Strength, psi

Figure 10. Design Chart for Freeze-Thaw Loss.
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After reference 39.
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Figure 11. Design Chart for Three-Cycle, Freeze-Thaw Strength from Vacuum Immersion Strength
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Figure 12. Design Subsystem for Stabilization with Portland Cement.
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Figure 13. Mixture design procedure.
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Figure 14. Viscosity Blending Chart.
ot
1°ll
o't
[
't
14
100
[t
i
YRR
ASPHALT )
m"
DE! i ‘A’
VTSCOE Ty —oe il
o
S
P )
S VISCOSITY
= i OF BASE
< - RECYCLING
© T AGENT
& 1o
= i 0 iH
i 0| + 1 solllil 14
ER. : i
> ol il 1 I H
| L ¥
10} :F:-:.-
B I
» [
3
i
b 3
IR b MAXIMUM % MODIFIER :
S Vol % of Lower Viscpsity Companent ek
- v, PRI, FOPPRR, PRIDVPFRy JITTTIY 1 YETIOT0, ATETIRY, JOTPOPPh, IO 1/
=3 SO e
8= "o o » 3 w® 0 “ n ) " o0
Wt % of Lower Viscoslty Component
After reference 39.
Figure 15. Test Sequence for Mixture Evaluation.
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Soil support value correlations, (a) after Utah State Highway

Flgure 17a.
Department and (b) from reference 57.

AASHO flexible-pavement design nomographs.

Figure 16.
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Figure 18. Generalized regional map of the United States.

After reference 57.

Figure 19. Suggested AASHO layer coefficient nomographs. (a) variation in a; with surface course
strength parameters; (b) variation in a, for granular subbase and subbase s rength parameters;
{c) variation in a, for bituminous-treatgd bases with base strength parameters; (d) vartation
in granular coeffic?ent ay with base strength parameters in a, for cement-treated base with base
strength parameters.
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After reference 57,
Figure 19. Continued
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Figure 20.

Alternate procedure for determining

flexible-pavement layer thicknesses.

SN,

Layer 1-Surface

Layer 4-Subgrade
Pavemsnt siructure analysis

After reference 57.

Figure 21. Mp - temperature relationship for the recycled asphalt concrete,
U.S. Highway 56, Kansas - Section 1. (Recycled asphalt Concrete with 20%

cement).

Resillent Modulus, Wy, psi

After reference 2.
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Figure 22. Mg - temperature relationship for the recycled asphalt
concrete, U.S. Highway 56, Kansas - Section 2. (Recycled Asphalt
Concrete with 1.5% cement).
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After reference 2.

Figure 23. MR - temperature relationship for the recycled asphalt
concrete, U.S. Highway 56, Kansas - Section 3. (Recycled Asphalt
Concrete with 1% MC-8VV).
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After reference 2.
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Figure 24. Mp - temperature relationship for the recycled asphalt Figure 25. Mp - temperature relationship for the recycled asphalt concrete
concrete, U.S. Highway 56, Kansas - Section 4. (Recycled Asphalt 2 24 P! ’
cﬂmmm’"uh 1.51. Cquene and 1.5% AC-7). U.S. Highway 277, Abilene, Texas. (Recycled Asphalt concrete with Emulsified

Recycling Agent).

il

e

L3

£3
wy &
i L
= !
H T
i’ &
3 H
$ -
3 g

ol z

§
: = R
[ Sta. Deviatfon
‘
i .o
—=311. Oevistian
L]
[ 1 a8y« 5094 M 1
EERRR TS
1 I pri = 8834 1y

Wit WS e R

i

|y B U J O VI T T Sy S ] | [ |

L] W0 ] 54 oy ﬁr“—'{ 3

Aypals M Cererraturs. Y [0 S8 T VY ST S T S S U WSS T/ TR W_— - _—
-0 0 0 @ L1 L 100 120 14

A0Malt Miy Tespereture, F

After reference 2.

After referance 1.





