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ABSTRACT

In 2001, the Florida Department of Transportation constructed two projects utilizing the hot-in-
place recycling (remixing) process. This process was utilized in lieu of the conventional milling
and resurfacing technique. Historically, the Department has had mixed success with the hot-in-
place recycling process and stopped using the process. With the advent of improved hot-in-place
recycling equipment, new specifications were drafted and the Department decided to construct
two hot-in-place recycling projects, one requiring in-place milling and the other requiring
scarification. The hot-in-place recycling project utilizing in-place milling began to crack and
delaminate within two weeks of completion. After several more weeks, over 50% of the project
experienced cracking and delamination. Subsequently, the project was milled and resurfaced
with hot-mix asphalt. Possible causes of the cracking and delamination include: 1) excess dust
generated by the milling head, 2) high pavement deflections at the inside wheelpath, 3) in-place
milling depth coinciding with the surface of the lower layer, 4) low mixture temperature and 5)
inadequate mixture properties (low AC content, high dust content, high binder viscosity). The
project utilizing the scarification process was a success in comparative terms, but the ride quality
appears to be below that of conventional hot-mix asphalt paving. Should additional hot-in-place
recycling projects be constructed, there needs to be better control over mixture properties during
construction, a milling depth that does not coincide with an underlying layer should be specified

and a warranty should be part of the contract.
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INTRODUCTION
In 2001, the Florida Department of Transportation (FDOT) constructed two projects utilizing the
hot-in-place recycling (remixing) process. This process was utilized in lieu of the conventional
milling and resurfacing technique. Historically, from the 1970’s, the Department has had mixed
experiences with hot-in-place recycling processes from Jackson’s heat and rework process,
Cutler’s heat/rework/overlay process, to the newer heat and remix process (1, 2, 3). Because of
these mixed experiences, the Department stopped using the process, which never was included in
the Department’s Standard Specifications. Independently, a number of hot-in-place industry
representatives convinced the Department that there had been a significant improvement in the
technology of the equipment with the inclusion of on-board pugmills, where additional materials
could be added as necessary and remixed to result in a more homogenous product.

Beginning in 1996, the Department worked with the hot-in-place recycling industry to
develop a specification to incorporate this technology and to attempt to assure a better quality
product. The Department utilized NCHRP Synthesis 193, “Hot In-Place Recycling of Asphalt
Concrete” (4), as a basis, along with the Department’s experience and industry’s input in
developing this new specification. The final draft was reviewed by all industry partners.

Shortly before identifying a project to be let under these new specifications, a hot-in-
place recycling industry representative expressed strong concerns about the specification. The
most significant comment was that the specification allowed either in-place milling or
scarification of the pre-heated pavement. As a result, the Department decided to let two projects:
one requiring in-place milling and the other requiring scarification.

The Department constructed these two projects in order to evaluate the newer hot-in-

place recycling process known as “remixing” to determine if it might be a viable alternative for



pavement resurfacing projects on lower volume roadways and to determine the performance of
in-place milling versus scarification during the recycling process.

The first project was constructed in Putnam County on County Road 315, and the second
project was constructed in Lake County on State Road 19. Though both projects utilized the hot-
in-place recycling process, the CR-315 project utilized milling heads during the operation, while
the SR-19 project utilized scarification. This report will provide a detailed description of each
project, including the specific hot-in-place recycling process, construction and performance data,

and will provide recommendations on the use of this technology for future applications.

OVERVIEW OF THE HOT-IN-PLACE RECYCLING PROCESS
Hot-in-place recycling, in general terms, is a process used to rework a distressed pavement
surface with the result being a rejuvenated distress-free pavement. There are three basic hot-in-
place recycling processes. The first process is the “heater-scarification” process, in which the
distressed pavement is heated, scarified, rejuvenated, leveled, reprofiled and compacted. The
second process is “repaving”, in which the distressed pavement is heated, scarified, rejuvenated,
leveled, overlaid with new hot mix, reprofiled and compacted, all in the same operation. The
third process is the “remixing” process, which was used for the first time by the Department on
both of these projects. The remixing process uses heat to soften the existing pavement material,
mechanical loosening and removal of the heated pavement material, mixing of the mechanically
removed material with new paving materials where necessary, and reapplication of the
rejuvenated material to the roadway. Unlike a conventional cold milling/inlay resurfacing
project, the recycled pavement material is never removed from the roadway location to an offsite

area. Construction is a continual process consisting of pavement heaters, a recycling/paving



machine, and compaction equipment (4). In concept, the hot-in-place recycling process offers
the following advantages compared to conventional milling and resurfacing: 1) faster
construction time, 2) potentially reduced costs, and 3) 100% reuse of the existing pavement
materials with the addition of few new raw materials. Drawbacks include: 1) limitations in the
quality of the in-service pavement, 2) limited potential to improve the cross-slope and
longitudinal profile of the pavement surface, and 3) a lack of established construction
specifications/procedures clearly defining the processes. The quality of the finished product is
claimed by many in the hot-in-place recycling industry to be dependent on the particular
process/equipment used, but is also claimed to be comparable to conventional hot-mix asphalt.
The remainder of this report will be presented in the following manner: 1) description,
construction data, and analysis for the CR-315 project, 2) description, construction data, and

analysis for the SR-19 project, 3) conclusions, and 4) recommendations.

COUNTY ROAD 315 PROJECT
General Project Information
This project, item 406819-4-52-01, is located in FDOT District 2, Putnam County, on CR-315
between SR-100 to the north and SR-20 to the south. The length of the project was 7.58 miles
long (15.16 lane miles and 88,939 sy) with the northbound and southbound ten-foot wide lanes
resurfaced to a depth of 1.5 inches. T.R. Remixer, Inc. (herein referred to as Remixer), of Tyler,
Texas, was awarded the competitively bid project for a lump sum price of $374,000, or an
average unit cost of $24,670 per lane mile or $4.21/sy. Construction began on January 25, 2001

and was completed on March 7, 2001, for a total of 42 days.



By comparison, V. E. Whitehurst and Sons, Inc. also constructed a project containing two
segments of CR-315. One segment was to the south and one segment was to the north of the hot-
in-place recycling project. The Whitehurst constructed project used conventional milling and
resurfacing with Marshall Type S mix 1 /2" thick. The total length of both segments was 13.84
miles (27.68 lane miles and 169,429 sy). Whitehurst was awarded the contract for the lump sum
price of $804,879. This equates to an average unit cost of $29,078 per lane mile or $4.75/sy.

For this particular comparison, the hot-in-place recycling project was 11.4% less expensive than
the conventional milling/resurfacing process on a square yard basis. The average lane width was
not the same on the Whitehurst project, therefore, it would not be prudent to compare the hot-in-

place recycling project to the Whitehurst project on the basis of cost per lane mile.

Hot-In-Place Recycling Process

The hot-in-place recycling process used by Remixer consisted of an equipment train that heats,
mills, mixes, paves, and compacts the pavement (Figure 1). The process starts with three
separate pre-heaters in succession that raise the temperature of the existing roadway from
ambient temperature to a surface temperature of approximately 425°F. Following the pre-
heaters, two additional heaters on the milling/paving machine further raise the pavement
temperature from 425°F to approximately 530°F. The milling head then mills the heated
pavement to the specified depth and conveys the loosened material to an on-board pugmill,
where it is mixed with new asphalt mixture and a rejuvenating agent in small percentages. The
recycled mixture is then paved using a conventional paving screed. The compaction equipment

used on this project consisted of a steel-wheeled vibratory roller and a rubber-tired roller.



Mixture Design

The mixture was designed per Marshall mixture design criteria (50 blows) to meet the
requirements for a Type S-I asphalt mixture. The new materials added to the milled asphalt
included 2% by weight of plant-produced Type S-I structural mixture and 0.04% by weight of
liquid asphalt rejuvenating agent (AES-300RP). A copy of the mix design is included in the

Appendix.

Specification Criteria

All typical FDOT Type S asphalt specification criteria were included for this project.
Acceptance criteria included asphalt content and gradation of the as-produced mixture and
density and smoothness of the completed pavement surface. In addition to the hot-in-place
recycling specifications identified for this project, the specifications also required the use of
rotating milling heads for loosening the heated pavement. A copy of the Technical Special

Provisions for the project is included in the Appendix.

Construction Test Data

Asphalt Content and Gradation

During construction, the asphalt content and gradation of the as-produced mix was determined in
accordance with FM 5-544 and FM 5-545 for both Quality Control and Acceptance purposes.
Acceptance and Quality Control tests were performed at a frequency of one test per 1000-ton
sublot. Acceptance test data for gradation and asphalt binder content are presented in Table 1.
Examination of the average Acceptance values for gradation show that the mixture was

consistently finer (higher percent passing) on every sieve as compared to the mix design values,



however, the variation was not excessive. Some individual test values for the percent passing the
#4, #10, #40 and #200 sieves failed to meet the specified tolerances. The average Acceptance
value for asphalt binder content was 0.6% less than the target value as shown on the mix design.

Four of the seven asphalt binder content test values failed to meet the specified tolerance.

Viscosity and Penetration

The State Materials Office (SMO) obtained 23 asphalt mixture samples over the duration of the
project and recovered the binder from the samples in accordance with FM 5-524 and FM 3-
D5404. The absolute viscosity of the recovered binder samples was then determined at 140°F in
accordance with FM 1-T 202 and the penetration values were determined at 77°F in accordance
with FM 1-T 049. The viscosity and penetration results are presented in Table 2. The average
viscosity was 23,508 Poises, with a minimum viscosity value of 11,084 Poises, and a maximum
viscosity value of 39,426 Poises. The specified range for viscosity of recycled mixtures is 4,000
to 12,000 Poises. The average penetration value was 26, with a minimum penetration value of
20, and a maximum penetration value of 34. During the project, the Contractor was notified of
the high viscosity values and initially attempted to modify the application rate of the liquid

rejuvenator in order to reduce the viscosity. These attempts were generally unsuccessful.

Density, Air Voids, Marshall Stability and Flow

Independent Assurance personnel from the FDOT District 2 Materials Office tested the as-
produced mix to determine the density, air void content, Marshall stability and flow (Table 3).
All test results met specification requirements. It should be noted that the average stability was

2,428 1bs, which is 1,547 Ibs. less than the mix design stability value. Flow values for the as-



produced mix averaged 9.5 (0.01 inch units), which were slightly higher than the mix design

value of 8.0.

Roadway Density

The density requirements for the project were based on Superpave density criteria (for fine
graded mixes) using six-inch diameter roadway cores. One core was randomly cut per every
1000 feet long roadway sublot. The density of the roadway cores was determined in accordance
with FM 1-T 166. There were 23 roadway LOTs for this project. The roadway density data is
shown in Table 4. Theoretical maximum specific gravity (Gmm) tests were performed in the field
laboratory by Quality Control personnel on the as-produced mix per FM 1-T 209. These results
served as the target density. The average roadway density for the project was 92.6% of Gpn.

The specified minimum density for this project was 92.0% Gum.

Thickness

Thickness measurements were obtained by measuring layer thicknesses from cores cut randomly
throughout the length of the northbound and southbound lanes (Table 5). Note: during the
project, project personnel changed the method of determining thickness from one core per 200 ft.
of roadway [1/400 ft./lane] to just monitoring the thickness through 1) thickness of density cores
and 2) probing the new asphalt pavement as it was placed. This was done due to problems
encountered in delineating the actual overlay from the underlying material, and also to reduce the
number of cores cut from the finished surface. The overall average thickness for the project was
1.52 inches, with a minimum thickness of 1.13 inches and a maximum thickness of 1.94 inches.

The specified thickness was 1.5 inches.



Temperature

In addition to temperature measurements made by the Contractor and Department construction
personnel, SMO personnel measured temperatures of the roadway surface during the first week
of construction. The temperature measurements were taken by using an infrared temperature-
measuring device at numerous points longitudinally along the hot-in-place recycling train of
heaters and paving equipment. The temperature data is displayed in Figure 2. Of interest is the
temperature of the mixture directly behind the screed. The average of the three temperature

measurements behind the screed was 241°F. This is lower than normally encountered in

conventional hot-mix paving, which is typically in the range of 280 to 300°F.

Bond Strength

An experimental test procedure currently under development by the SMO was used to measure
the strength of the bond between the recycled mixture and the underlying surface. The device
shears a roadway core at the bond interface between the two layers. Ten cores were tested from
various points throughout the project. Five cores were also cut from a nearby section of CR-315,
north of the hot in-place recycling project, that had recently been paved using a conventional
milling/resurfacing process with hot-mix asphalt. Test results are presented in Table 6. The data
shows that the average strengths for both projects were nearly identical. The hot-in-place project
had an average strength of 158 psi and the conventional hot-mix project had an average strength
of 157 psi. The difference between the two projects is in the standard deviation of the test
results. The high standard deviation (90 psi) for the hot-in-place recycling project indicates that
there were areas with very high strength bonds and very low strength bonds, as compared to the

average. The conventional hot-mix project had a small standard deviation (8 psi) indicating



uniformity of the bond strengths of the cores tested. One of the claimed benefits of the hot-in-
place recycling process is a stronger thermally bonded interface between the two layers due to

the heating process.

Friction

The Pavement Evaluation Section of the SMO conducted ribbed-tire wet friction testing in
accordance with ASTM E 274 at various points along the project before and after construction.
This data is presented in Table 7. The average friction number for both lanes prior to
construction was 42.1 and after construction the friction number was 51.0. Both numbers are

considered good.

Ride Rating

The Pavement Evaluation Section also performed a survey of the pavement for roughness, rut
depth, and cracking before construction and five days after construction was completed. The
roughness values are given in terms of the International Roughness Index (IRI) and Ride Number
(RN). The data is presented in Table 8. Examination of the data shows that the ride quality as
measured by IRI and RN did not change significantly after construction. However, the pre-
construction and post-construction values are considered to be good or better. It should be noted
that the road, after construction, did subjectively appear to ride rougher than a new
conventionally paved surface. After construction, the rutting had been eliminated and the crack
rating was perfect at AA/10.0, both to be expected. AA means there was 0 to 5% cracking in the

wheelpaths and outside the wheelpaths, respectively. A 10.0 means there were no point



deductions for cracking. However, the pavement soon developed severe cracking and

delamination, which will be discussed in the next section.

Pavement Failure Investigation

Within two weeks of the completion of paving, project personnel noticed some cracking and
delamination at a number of locations originating in the southbound lane (Figure 3). The cracks
seemed to originate at the centerline, progressing approximately three feet towards the edge of
the pavement. District 2 Materials and SMO personnel then began coring the project in an effort
to determine the cause and extent of the cracking. Over a period of several weeks, the pavement
continued to deteriorate at a rapid pace with an increasing number of locations and increasing
extent. In addition, the distresses also began to appear in the northbound lane. The distress
appeared to be related to the delamination of the top 1.5 inches of recycled pavement from the
underlying pavement structure. This delamination extended approximately 4 feet into the lane
from the centerline in both northbound and southbound directions. Over 50% of the project
experienced this delamination. The following section focuses on the forensic analysis that was
conducted and will present several theories regarding the possible causes of the pavement
distresses. It should be noted that there does not appear to be any identified single factor that is
believed to have caused the pavement distresses but rather a combination of factors that each

contributed to the pavement failure. Each contributing factor will be discussed separately below.
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Potential Factors Contributing to the Pavement Distress

Excess Dust Generated by Milling Head

During the recycling process, the pavement is heated to a temperature that softens the asphalt to
the extent that the “hot” milling operation only has to loosen the material, as opposed to a typical
“cold” milling operation, which has to literally cut through the pavement at ambient temperatures
when the pavement is very stiff. As such, cold-milling operations typically generate significant
amounts of fines (material passing the #200 sieve), which need to be removed from the pavement
surface prior to resurfacing, while hot milling operations do not generate the excessive fines and
do not necessitate its removal. Since the delamination on this project occurred on the left side of
both the northbound and southbound lanes, one possibility is that the pavement heaters on the
left side of the recycling operation did not heat the pavement adequately. Consequently, the
milling operation on the left side of each lane may have more closely resembled a cold-milling
operation resulting in excessive fines being deposited on the left side of the lane. This layer of
fines would in all likelihood have an adverse effect on the bond between the remixed layer and
the underlying layer. This theory is also backed up by observations of the coring crew that there
appeared to be a layer of fines in-between the top and bottom layers. However, it is uncertain if
the fines noted by the coring crew originated with the milling operation, or were the result of the
water and fines from the coring operation.

It was also noted that the outer two feet on each side of the milling head was not of the
same design as the central portion. It is possible that the outer portion on the left side of the
milling head was not operating correctly resulting in a slightly different texture and/or milling
depth in this area. It is worth noting that the slippage and cracking observed started in this

portion of the asphalt mat.
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Further contributing to this problem would be that this was the first project constructed
by Remixer using native Florida aggregates. Florida limestone materials generate more fines
when cold-milled as compared to harder materials from other regions of the country, such as
granite. Furthermore, through examination of the delaminated areas, roadway cores and
trenches, the resulting milled surface was very smooth and lacked the striations present in a
conventional milling operation, which intuitively would help prevent slippage if the striations

were present.

Pavement Deflections - Inside Wheelpath

On April 26, 2001, two trenches (one northbound and one southbound) were cut across the full
width of the lane in areas of severe pavement distress (Figures 4 and 5). The removed pavement
structure from the trench provided a full-depth cross-section of the pavement. Both cross-
sections show that the thickness of the asphalt pavement structure is thinner at the inside portion
(left wheel path) of each lane. The southbound lane has three inches less total asphalt pavement
on the inside of the lane as compared to the outside of the lane (5 in. vs. 8 in.). Figure 6 shows
the total pavement thickness versus width for each lane. Note that Figure 6 only shows
pavement thickness for a distance of eight feet extending outward from the centerline. This is
because the outside two feet of each lane had a pavement thickness of approximately 24 inches
or greater, from a previous trench widening. The thinner asphalt pavement structure in the left
wheel path could possibly provide less support for vehicle loadings and result in higher

pavement deflections, which could cause the top layer to delaminate from the underlying layer.
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In-place Milling Depth Coinciding with Surface of Lower Layer

Observations by project personnel during construction indicated that the in-place milled surface
appeared to be smoother than a typical milled surface, and that the hot-in-place recycled mixture
tended to push or shove slightly during the compaction operations. It was noted that it often
appeared that the milling depth was such that the milled surface fell directly on top of the old
pavement surface. However, the average depth of the old top layer was 28 mm for the
northbound lane and 28 mm for the southbound lane, while the specified milling depth for both
lanes was 40 mm. It is possible that there were some areas where the milling depth matched the
surface of the underlying layer resulting in a smoother milled surface than normal, but it is

unlikely these areas extended throughout the entire length of the distressed areas.

Relatively Lower Mixture Temperature

As mentioned previously, Figure 2 shows the temperatures of the asphalt surface at thirteen
points along the heating/paving train. The average temperature of the recycled mixture behind
the screed was 241°F. This is approximately 40 to 60°F less than the temperature of typical
plant-produced mix. As mentioned previously, if the pavement heaters on the left side of the
equipment had not been functioning properly, then the milled surface on the left side of the
pavement would have been cooler than on the right side. Applying a recycled mixture at 241°F
to a cooler milled surface, that possibly had excess dust present from the in-place milling
operation and without using a tack coat, could lead to an inadequate bond between the recycled

mixture and the underlying milled surface, resulting in the potential for delamination.
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Inadequate Mixture Properties

Acceptance test results for extraction and gradation, as shown in Table 1, indicate that the
recycled mixture on average for the project contained a higher dust content and lower asphalt
binder content than shown on the mix design. Viscosity test results, as shown in Table 2,
indicate that the recycled mixture had an average viscosity of 23,508 Poises, which is higher than
the allowable range of 4,000 to 12,000 Poises for conventional plant-produced mix. Forensic
testing of four areas that exhibited severe cracking indicates that dust contents and viscosities
(Table 9) were even higher than the Acceptance test results. These factors would lead to a

stiffer, more brittle mixture that would be more susceptible to cracking.

Rehabilitation
Due to the rapid failure of CR-315, the entire project was milled and resurfaced using

conventional hot-mix asphalt during the year 2002.

STATE ROAD 19 PROJECT
General Project Information
This project, item 404126-1-52-01, is located in FDOT District 5, Lake County, on SR-19
between SR 40 to the north and the town of Pittman to the south. The length of the project was
9.725 miles long (171,160 sy) with the northbound and southbound 12-foot wide lanes (plus a
three ft. wide shoulder) resurfaced to a depth of 1.5 inches. Angelo Benedetti, Inc. (herein
referred to as Benedetti), of Bedford, Ohio, was awarded the competitively bid project for a price

of $811,235. Benedetti’s unit price for the hot-in-place recycling portion only (excluding
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maintenance of traffic, utility work, etc.) was $2.30/sy. Construction began on July 11, 2001 and

was completed on September 28, 2001, for a total of 80 days.

By comparison, Middlesex Corporation also constructed a project in Lake County using
conventional milling and resurfacing with a fine graded Superpave mix 1 '2” thick. Middlesex
was awarded the contract for the price of $1,507,666. Middlesex’s unit price for milling 1 4” of
pavement and resurfacing with 1 %2” of fine graded Superpave mix was $4.45/sy. For this
particular comparison, the hot-in-place recycling project was 48.3% less expensive than the
conventional milling/resurfacing process on a square yard basis when comparing the milling and

repaving cost portion only.

Hot-In-Place Recycling Process

The hot-in-place recycling process used by Benedetti is similar to that of Remixer in general
concept but does differ in some respects. The process starts with two separate pre-heaters in
succession that raise the temperature of the existing roadway from ambient temperature to a
surface temperature of approximately 325°F as measured on this project. A multi-purpose
machine performing three functions follows the two pre-heaters. This machine contains a pre-
heater at the front, followed by a scarifier that mechanically removes the top portion of the
asphalt surface (to a depth of 1.5 inches in this project) which is then followed by a remixer that
mixes the scarified material with new aggregate and a liquid rejuvenating agent. Once the
materials are mixed together, this machine places the asphalt mixture into a windrow. The
recycled mixture is then paved in a manner similar to a regular paving operation using a paver

than can pick up the windrowed material (Figure 7). Finally, the mixture is compacted in a
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conventional manner. The compaction equipment used on this project consisted of a three-

wheeled steel roller and a steel-wheeled tandem roller.

Mixture Design

Just as with the CR-315 project, the mixture for SR-19 was designed per Marshall mixture
design requirements. The new materials added to the scarified asphalt included 8% by weight of
S-1-B South Florida limestone and 1.5% by weight of liquid asphalt rejuvenating agent
(Reclamite). The specifications called for the final pavement to meet all requirements for a type

S-1 asphalt mixture. A copy of the mix design is included in the Appendix.

Specification Criteria

As with the CR-315 project, all typical FDOT Type S asphalt specification criteria were included
for this project. Acceptance criteria included asphalt content and gradation of the as-produced
mix, and density and smoothness of the completed pavement surface. In addition to the hot in-
place recycling specifications identified for this project, the specifications also required the use
of a pavement scarifier for loosening the heated asphalt mat and an auger to convey the loosened
material into a windrow ahead of the mixing chamber. A copy of the Technical Special

Provisions for the project is included in the Appendix.

Construction Test Data
Asphalt Content and Gradation
During construction, the asphalt content and gradation of the as-produced mix was determined in

accordance with FM 5-544 and FM 5-545 for both Quality Control and Acceptance purposes.
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Acceptance and Quality Control tests were performed at a frequency of one test per 1000-ton
sublot. Acceptance test data for gradation and asphalt binder content are presented in Table 10.
Examination of the average Acceptance values show that the gradation is nearly the same as the
mix design values for every sieve size except for the #200 sieve, which was an average 1.5%
greater than design. Two of the thirteen individual test values for the percent passing the #200
sieve failed to meet the specified tolerance from the target value of the mix design (+/- 2%). The
average Acceptance value for asphalt binder content was the same as shown on the mix design
(6.2%). No individual test result for asphalt binder content exceeded the allowable tolerance

from the target value of the mix design.

Viscosity and Penetration

The State Materials Office (SMO) obtained 28 asphalt mixture samples over the duration of the
project and recovered the binder from the samples in accordance with FM 5-524 and FM 3-
D5404. The absolute viscosity of the recovered binder samples was then determined at 140°F in
accordance with FM 1-T 202 and the penetration values were determined at 77°F in accordance
with FM 1-T 049. The viscosity and penetration results are presented in Table 11. The average
viscosity was 15,603 Poises, with a minimum viscosity value of 2,804 Poises, and a maximum
viscosity value of 45,970 Poises. The specified range for viscosity of recycled mixtures is 4,000
to 12,000 Poises. The average penetration value was 40, with a minimum penetration value of

23, and a maximum penetration value of 72.
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Density, Air Voids, Marshall Stability and Flow

Independent Assurance personnel from the FDOT District 5 Materials Office tested the as-
produced mix to determine the density, air void content, Marshall stability and flow (Table 12).
All test results did not meet specification requirements. One flow value (17.2) exceeded the
maximum value (14.0) and the air void contents were 2.6% and 1.1%, which were considerably
below the design value of 5.0%. High flow and low air void values are two indicators that the

mix may be susceptible to future rutting.

Roadway Density

The density requirements for the project were based on Superpave density criteria (for fine
graded mixes) using six-inch diameter roadway cores. One core was randomly cut per every
1000 feet long roadway sublot. The density of the roadway cores was determined in accordance
with FM 1-T 166. There were 32 roadway LOTs for this project. The roadway density data is
shown in Table 13. Theoretical maximum specific gravity (Gmm) tests were also performed in
the field laboratory on the as-produced mix by Quality Control personnel per the specifications,
and served as the target density. The average roadway density for the project was 94.4% of G-

The specified minimum density for this project was 92.0% Gmm.

Thickness

Thickness measurements were obtained by measuring layer thicknesses from the roadway
density cores that had been cut randomly throughout the length of the northbound and
southbound lanes (Table 13). (As with the CR-315 project, the method of determining thickness

was changed from one core per 200 ft. of roadway [1/400 ft./lane] to just monitoring the
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thickness through 1) thickness of density cores and 2) probing the new asphalt pavement as it
was placed. This was done due to problems encountered in delineating the actual overlay from
the underlying material, and also to reduce the number of cores cut from the finished surface.)
Based on the roadway density cores, the overall average thickness for the project was 1.55
inches, with a minimum thickness of 1.33 inches and a maximum thickness of 1.79 inches. The

specified thickness was 1.5 inches.

Temperature

In addition to temperature measurements made by the Contractor and Department construction
personnel, SMO personnel measured temperatures of the roadway surface during the first week
of construction. The temperature measurements were taken by an infrared temperature-
measuring device at numerous points along the hot in-place recycling train of heaters and paving
equipment. The temperature data is displayed in Figure 7. Like the CR-315 project, the
temperature of the mixture directly behind the screed (200°F) was lower than that encountered in
conventional hot-mix paving. The typical range encountered in conventional hot-mix paving is
280 to 300°F. Temperature measurements obtained by the roadway inspector throughout the
duration of the project are shown in Table 14. It should be noted that each of these temperature
measurements is the average of three temperature measurements taken transversely across the
width of the mat, which differs from the CR-315 project in that only one measurement was taken
transversely. The average temperature measured by the roadway inspector was 213°F, which is

similar to that measured by SMO personnel.
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Bond Strength

The same experimental test procedure used on the CR-315 project was also used for this project
by SMO personnel to measure the strength of the bond between the new recycled mixture and
the underlying surface. Eighteen cores were tested form various points throughout the project.—
Test results are presented in Table 15. The average strength was 190 psi, with a standard

deviation of 67 psi.

Friction

The Pavement Evaluation Section of the SMO conducted ribbed-tire wet friction testing in
accordance with ASTM E 274 at various points along the project before and after construction.
This data is presented in Table 16. The average friction number for both lanes prior to
construction was 49.1 and after construction the friction number was 47.8. Both numbers are

considered good.

Ride Rating

The Pavement Evaluation Section also performed a survey of the pavement for roughness, rut
depth, and cracking before construction and after construction. The roughness values are given
in terms of the International Roughness Index (IRI) and Ride Number (RN). The data is
presented in Table 17. Examination of the data shows that the ride quality as measured by IRI
did not change significantly after construction. The ride quality as measured by RN did increase
slightly after construction. Both the pre-construction and post-construction values are considered
to be good or better. It should be noted that the road, after construction, does subjectively appear

to ride rougher than a new conventionally paved surface. After construction, the rutting had

20



been eliminated and the crack rating was perfect at AA/10.0, both to be expected. AA means
there was 0 to 5% cracking in the wheelpaths and outside the wheelpaths, respectively. A 10.0

means there were no point deductions for cracking.

CONCLUSIONS
The following conclusions can be drawn from the two hot-in-place recycling projects and are

categorized as follows:

Hot-In-Place Recycling Process
In general concept, the two methods of recycling evaluated on these projects were similar,
however, there is one major difference. This difference is that Remixer used a milling process
on the CR-315 project and Benedetti used a scarifying process on the SR-19 project to remove
the existing asphalt surface. The milling process, as compared to the scarifying process, appears
to create a smoother surface texture and has the potential to generate more fine material if the
temperatures of the milled surface are not high enough. The evidence of slippage and
delamination of the recycled asphalt layer on the CR-315 project indicates that there was a
significant problem with the hot in-place recycling process on this project, resulting in an
inadequate bond between the new recycled layer and the underlying layer. This could possibly
be due to a number of factors such as excessive dust at the interface caused by a low milling
temperature, inadequate mix temperature or possibly a malfunction of the milling head.
Furthermore, as a comparison, laboratory shear test results indicate that the scarifying
process produced bond strengths 20% greater than the bond strengths for the milling process for

these projects.
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Construction Material Test Results

Asphalt Content and Viscosity

The average asphalt binder content for the CR-315 project was 0.6% below that stated in the
mixture design and the average recovered viscosity was 23,508 Poises. The specified range for
recovered asphalt viscosity for recycled mixtures is 4,000 — 12,000 Poises. The combination of a
low asphalt content and high viscosity will create a more brittle mixture, possibly resulting in
cracking when subjected to traffic loads. Extensive cracking was observed shortly after
construction of the CR-315 project was completed. This cracking could quite possibly be due to
a combination of a brittle mixture and high pavement deflections. In contrast, the SR-19 project
had an average asphalt binder content equal to the mixture design and an average recovered

viscosity of 15,603 Poises. No cracking has been observed to date.

Temperature of Asphalt Mat

Both hot-in-place recycling processes resulted in surface temperatures of the asphalt mat in the
range of 200 to 240°F directly behind the screed. This range is lower than that normally
encountered with conventional hot-mix asphalt paving. With respect to achieving proper
compaction at the roadway, this did not present a problem since both projects easily met the

specified density requirements.

Friction
With respect to ribbed-tire wet friction values, both hot-in-place recycling processes resulted in
good post-construction friction values. The overall average for the CR-315 project was 51.0 and

the overall average for the SR-19 project was 47.8. These values were either greater than or
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equivalent to the pre-construction friction values. However, it should be noted that friction

values are a function of aggregate type and traffic volume rather than construction process.

Ride Rating

The post-construction ride quality of the recycled asphalt roadway for both projects, expressed in
terms of IRI or RN, was either the equivalent or slightly greater than the pre-construction ride
quality values. However, both projects did subjectively appear to ride rougher than a new

conventionally paved surface.

RECOMMENDATIONS
1. Two hot-in-place recycling projects have been constructed to different degrees of success.
The first project, CR-315, started to fail within several weeks and required rehabilitation within
one year. The second project, SR-19, was a success in comparative terms, however, the ride
quality appears to be below that of conventional hot-mix asphalt paving. Furthermore, rutting
may be a problem in the future due to low air voids and high flow. Even through the use of the
improved specifications, the outcome of these two projects appears to be typical of the
Department’s experience with hot-in-place recycling projects in the past. This process may not
be advantageous to the type of high-speed, heavily trafficked roadways typically found on the

State Highway System.

2. Should additional hot-in-place recycling projects be constructed, the following areas should

be addressed:
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a) The recovered asphalt viscosity of the recycled mixture should be controlled by the
Contractor to specified levels.

b) Asphalt binder content needs to be monitored and controlled by the Contractor.

c¢) The air void content of the recycled mixture should be monitored and controlled within
the range of 3 — 5% by the Contractor.

d) Periodic inspection of the equipment (i.e., milling heads, heaters) should be routinely
conducted by the Contractor.

e) The milling depth should be specified and controlled to not coincide with the interface
of any of the underlying pavement layers.

f) A warranty should be part of the contract to ensure against failures such as occurred on

CR-315.
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Table 1 — Acceptance Extraction/Gradation Test Results for CR-315 Project

Sieve Size FDOT Quality Assurance Data, % Passing, Vacuum Extraction Method
LOT 1,Sub 1| LOT1,Sub2|LOT1,Sub3{LOT1,Sub4|{LOT2, Subl|[LOT2, Sub2|LOT?2,Sub3 Average Mix Design

3/4" 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100
172" 97.6 98.4 98.2 98.1 974 96.0 96.7 97.5 97
3/8" 93.2 93.9 94.1 94.3 91.9 92.0 92.1 93.1 90
4 66.3 69.4 71.6 73.9 75.7 67.2 69.5 70.5 68
10 47.9 48.6 51.0 55.6 56.2 50.7 532 51.9 50
40 31.1 323 29.4 33.9 35.8 333 352 33.0 29
80 11.5 14.3 15.9 154 15.8 15.1 16.1 14.9 14
200 5.7 6.4 7.2 6.3 7.1 6.4 6.7 6.5 5.9
% AC 6.9 6.3 6.6 6.7 6.5 6.5 6.9 6.6 7.2

Table 2 — Recovered Viscosity and Penetration Test Results for CR-315 Project

Date Viscosity (Poises) | Pen (0.01 in.)
01/25/01 13,946 34
01/26/01 20,930 28
01/29/01 28,234 24
01/30/01 37,293 21
02/03/01 24,011 25
02/05/01 27,452 24
02/06/01 32,708 23
02/07/01 25,786 27
02/08/01 23,526 24
02/09/01 23,551 25
02/12/01 15,746 31
02/13/01 15,300 28
02/14/01 15,990 28
02/15/01 26,051 24
02/16/01 22,073 26
02/19/01 11,084 33
02/20/01 14,963 29
02/21/01 25,709 24
02/23/01 39,426 20
02/26/01 27,089 23
02/28/01 25,748 21
03/01/01 23,968 25
03/02/01 20,096 24
Average 23,508 26
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Table 3 — Independent Assurance Test Results for CR-315 Project

Property 17262001 Dallt/zgs /ZI(I)IIO) ied 37772001 Average |[Mix Designf| Specification
Stability (Ibs) 2050 2200 3033 2428 3975 1500 min.
Flow (0.01 in) 9.4 94 9.6 9.5 8.0 8 min./14 max.
Density (pcf) 138 140 139 139 140

% Air Voids 6.5 4.7 5.2 5.5 5.0 2.5 min.

LOT # SY % Gmm | (SY)*(%Gmm)
1 1,681 95.4 160,367
2 2,007 91.7 184,042
3 3.680 92.5 340.400
4 1,928 92.2 177.762
5 3,767 91.1 343,174
6 4,444 91.5 406,626
7 4.117 92.5 380.823
8 4,442 93.1 413,550
9 4.997 93.0 464.721
10 4,356 93.0 405,108
11 3,333 91.5 304,970
12 1,522 94.5 143,829
13 2,271 94.8 215,291
14 3,667 92.2 338,097
15 4,094 93.2 381,561
16 4,444 92.1 409,292
17 6,000 91.1 546,600
18 5,417