Engineered Construction Products
Through Green Chemistry

Collaborative Aggregates LLC manufactures, markets and sells
construction products and infrastructure materials adhering to the
12 Principles of Green Chemistry as practiced by Dr. John Warner
and his staff of scientists.
Formed in late 2014 by James Babcock, Collaborative Aggregates LLC
commercializes construction product and material formulations developed
by the Warner Babcock Institute for Green Chemistry.
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Commercializing Construction and
Infrastructure Products Formulated by the
Warner Babcock Institute for Green Chemistry

Our Mission…
to design, optimize and
bring into widespread use a
portfolio of high-performing,
cost-competitive, and
easy-to-use construction
and infrastructure materials
with dramatically improved
human and environmental
safety profiles.

Mist
• Asphalt Rejuvenator
• Warm Mix
Asphalt Technology
• Moisture
Anti-strip Additive

• Delta S Based
Technology
• Restorative Seal
Spray Application

www.collaborativeaggregates.com
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Highway Sustainability Research Center/University of Massachusetts Dartmouth

MassDOT Rejuvenates Recycled
Asphalt For Thin Pavement
Preservation Mix
By Paul Fournier

This latest experiment will determine the effectiveness of
Delta S in limiting the viscosity (stiffness) of a thin-lift mix
incorporating a high proportion of RAP, and in helping to
prevent premature pavement cracking and rutting.
One of the problems associated with using large amounts
of RAP in pavement mixes is the higher viscosity and lower
ductility of embedded asphalt due to long-term aging in the
field. This diminishes new pavement resistance to rutting
and cracking.
A remedy for this is using an asphalt rejuvenator to restore
the original properties of asphalt binder. Delta S, supplied
by Collaborative Aggregates LLC, an affiliate of Wilmington, Mass.-based Warner Babcock Institute for Green
Chemistry (WBI), is a non-toxic plant-based, liquid chemistry designed to help prevent cracking of asphalt pavement.

M

assachusetts’ Department of Transportation (MassDOT) is testing the performance of a pavement mix
placed on a section of City of Worcester roadway that
contains a high percentage of recycled asphalt dosed with
a new, non-toxic, rejuvenator.
Construction managers for MassDOT’s Highway District
3, working in concert with MassDOT’s Boston headquarters and the Highway Sustainability Research Center
(HSRC) at UMass Dartmouth, had the experimental
thin-lift pavement placed in October 2016 at night on
approximately 3000 feet of North Service Road and
On-Ramp to Interstate 290 West.
Contractor P.J. Keating Co., installed the mix, which
was manufactured by the company’s drum mix plant in
Lunenburg based on a design created by HSRC Director
Walaa Mogawer, P.E.
Dr. Mogawer, who is also a full-time professor at UMass
Dartmouth’s Civil & Environmental Engineering
Department, designed the applied
research mix as a 9.5 mm (3/8 in)
dense-graded mix containing up
to 40% recycled asphalt pavement
(RAP) dosed with Delta S, a newly
commercialized asphalt rejuvenator.
HSRC has been experimenting with
thin-lift asphalt pavements for the
past decade, studying the incorporation of sustainable materials installed
between ¾ inch and 1-1/2 inch
paving thickness.
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Employing pavement mixes containing recycled asphalt is
in keeping with Massachusetts’ GreenDOT initiative to
promote sustainability in the transportation sector. Under
this initiative, MassDOT is reducing its environmental
impact by switching asphalt specifications from hot mix
asphalt to warm mix asphalt and by encouraging the use of
recycled materials.
MassDOT is also conducting research aimed at maximizing
recycled materials, as evidenced by the Worcester project,
which involves an unusually high percentage of RAP.
At the jobsite, Keating had milled off one inch of existing
pavement on the entire length of roadways. During production of the 460 tons of mix required for the project, liquid
Delta S was fed directly in line with the PG64-28 binder,
with the rejuvenator dosage regulated by plant controls.
Following a spray application of trackless tack coat, the
mix was installed on roadways at approximately 280°F,
and consolidated by 10-ton static rollers that operated
immediately behind the paver.
The project is being monitored by UMass Dartmouth
graduate and undergraduate civil engineering students
for HSRC under the direction of Dr. Mogawer for a
three-year period.

MnROAD/Minnesota Department of Transportation

Cold, Heavy Traffic, Test
Recycled Asphalt Pavement
Mix Dosed With Rejuvenator
By Paul Fournier

T

he Materials Research section and the MnROAD
division of the Minnesota Department of Transportation
are jointly monitoring the performance of an experimental
pavement mix installed August 2016 on US Route 169 that
contains recycled asphalt products dosed with Delta S, a
newly commercialized asphalt rejuvenator.
Incorporating both recycled asphalt pavement (RAP) and
recycled asphalt shingles (RAS),
the dense-graded Delta S-dosed
mix was inlaid on the northbound
slow lane of US Route 169 in
Pease, Minn., following the milling out of ¾ inches of existing
wearing course.
This field test is one of several
MnROAD pavement preservation applied research applications
in Minnesota that mirror identical applications undertaken by
the National Center for Asphalt
Technology (NCAT) in Alabama.
Experiments are being performed
under a newly formalized partnership agreement to share the resources and expertise of
MnROAD and NCAT, which operate the world’s two
largest full-scale accelerated pavement testing facilities.
Although they have informally collaborated for years, this
is the first formal agreement covering parallel experiments
under an exceptionally broad range of climatic conditions.
Experiments conducted by MnROAD and NCAT are using
similar roadway construction materials under high- and
low-volume traffic conditions to determine the effects of
climatic differences on pavement performance.

Current MnROAD-NCAT group experiments focus on
two areas, the validation of cracking tests, and the effectiveness of pavement preservation treatments.
Field performance studies of cracking group experiments
should help researchers identify laboratory test methods that
predict cracking in the field, while pavement preservation
group experiments will measure the effectiveness of such
treatments in improving the condition of pavements and
extending their service life for both low- and high-traffic
roadways. Findings are stored in a common database.
Cold weather cells were built at the MnROAD facility to
study low-temperature cracking, while hot weather sections
were built on the NCAT Pavement Test Track to study
near-surface fatigue cracking.
For pavement preservation
treatment studies in Minnesota,
low traffic sections were built on
County Road 8 and high traffic
sections were built on US-169.
Alabama low traffic sections were
constructed on Lee County Road
159 and high traffic sections
were installed on US Route 280.
Treatments in Minnesota and
Alabama were identical, and
included chip seals, microsurfacing, scrub seals, cape seals and
thin asphalt overlays/inlays.
Another goal of researchers for
County Road 8 and US Route 169 experiments are to
measure the performance advantage that asphalt rejuvenators can provide to asphalt mix designs, allowing higher
RAP-RAS content for pavement preservation paving.
Accordingly, they qualified Delta S for use in a pavement
preservation paving application as an asphalt rejuvenator.
Supplied by Collaborative Aggregates LLC, an affiliate of
Wilmington, Mass.-based Warner Babcock Institute for
Green Chemistry (WBI), Delta S was formulated by WBI
scientists. The organic plant based, liquid chemistry is used
in high RAP-RAS content asphalt mix
designs to help prevent premature cracking of the pavement. In this experiment,
the dose rate for the Delta S rejuvenator
is 4% by weight of recycled binder, while
the percentage of aged binder from combined RAP and RAS is 22% by weight
of the total asphalt binder content.
Materials Research staff and MnROAD
researchers are reporting on pavement
performance for multiple years.
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National Center for Asphalt Technology/Auburn University

Asphalt Mix Dosed With
Rejuvenator Undergoes
Accelerated Pavement Testing
By Paul Fournier

A

thin pavement wearing course incorporating a large
proportion of recycled asphalt and a new type of asphalt
rejuvenator is undergoing testing at the Test Track of the
National Center for Asphalt Technology (NCAT) in
Opelika, Alabama.
Section N7, one of dozens of 200-foot pavement sections
at the 1.7-mile oval accelerated pavement test track, has a
1-1/4-inch, dense-graded surface course incorporating 35%
recycled asphalt pavement (RAP) dosed with Delta S, a
newly commercialized, non-toxic liquid asphalt rejuvenator.
N7 is sponsored by Collaborative Aggregates LLC, an
affiliate of Wilmington, Mass.-based Warner Babcock
Institute for Green Chemistry (WBI), as part of the company’s applied research of the rejuvenator that was formulated
by WBI to minimize asphalt pavement rutting and cracking.
This is the sixth research cycle at the 16-year-old track,
where experimental test sections are available to such
sponsors as federal, state and local transportation agencies,
materials producers, consulting engineers, paving contractors and others who wish to have pavement designs undergo
loading that simulates up to 15 years of Interstate highway
truck trafficking.
NCAT researchers measure and record pavement changes
due to the heavy loading using many instruments, some
embedded in the pavement such as temperature sensors,
strain gauges and pressure plates. They also use other
equipment and instruments to periodically measure
pavement smoothness, rutting and cracking.

Once a truck trafficking cycle has been completed, NCAT
personnel conduct forensic investigations of pavements to
learn why some pavements fail while others perform well
under identical traffic loads. Their findings help improve
design and construction practices, illustrating the vital role
this forensic protocol plays in the successful introduction
of new technologies, methodologies and equipment to the
asphalt paving industry.
The N7 section currently being monitored at the test track is
actually the third incarnation of this Collaborative Aggregates
design. Two preceding designs failed early in the research
cycle. The original design incorporated 20% RAP and 5%
RAS (recycled asphalt shingles) dosed with Delta S, and
PG67-22 virgin asphalt binder. In just three months of trafficking, N7 pavement exhibited cracking in the wheel path.
N7 was repaired using the findings of forensic investigation.
This involved excavating and replacing the entire asphalt
pavement structure, i.e., 1-1/4-inch wearing course,
2-1/4-inch intermediate course and 2-1/4-inch base
course, with the preceding percentages of RAP and RAS
used. This repair took place early in April 2016. Within
just a few days of trafficking, the N7 pavement failed again,
exhibiting cracking and shoving.
Forensic investigation of the second failure revealed there
was a positive effect of aging in the laboratory to simulate
silo storage time, which had been
minimal in both the original construction and the first rebuild of
N7. This led to the relatively simple
solution of allowing longer silo storage time for the blending of Delta S
rejuvenator with recycled binder.
N7 was repaired early in May 2016,
with the final design eliminating RAS
and increasing RAP content to 35%.
As of February 2017, researchers
noted that performance of the highRAP, Delta S-dosed N7 test section
has been outstanding, with no signs
of pavement distress.
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Aging Study
Delta S is chemically designed to not simply soften recycled binder, but to restore virgin properties to old and brittle binder. In aging studies Delta S is proven
to chemically rejuvenate recycled binder, reversing the effects of the natural
oxidative processes. While binder softeners tend to improve the workability
of recycled material, they can affect the ability of the ﬁnal product to stiffen
correctly resulting in premature rutting. Increased concentrations of recycled
material without the use of a softener results in an increasingly brittle pavement
which also shortens the life span of a roadway. In short term aging studies, it is
shown that the addition of Delta S signiﬁcantly softens the recycled binder mix
improving workability and compaction. In long term aging studies, it is shown
that Delta S dosed material solidiﬁes to virgin asphalt speciﬁcations without the
accompanying brittleness seen in non-rejuvenated recycled material.

Overlay Test
Results

HWTD Results
Stripping
Reflection
Point

Rut Depth at
10,000 Passes
(mm)

Rut Depth at
20,000 Passes
(mm)

OT Cycles to
Failure

5,900

>20

>20

487

STOA

None

0.76

1.39

14

Short
Term Aging

None

1.09

1.8

22

58-28 + 50% RAP + Delta S

8,500

7.16

>20

258

Control (58-28)

12,000

3

>20

57

None

1.99

2.72

23

None

0.91

1.45

13

13,600

1.92

5.2

73

Mixture

Aging

Control (58-28)
Control (64-28)
58-28 + 50% RAP

Control (64-28)
58-28 + 50% RAP
58-28 + 50% RAP + Delta S

LTOA
Long
Term Oven
Aging
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Compaction
The addition of Delta S significantly improves the compactibility of asphalt
mixtures with and without high concentrations of recycled material. Test results
prove that the recycled binder has been effectively penetrated and rejuvenated.
This increases recycled binder availability thus reducing the stiffness typically
seen with the use of higher percentages of RAP and RAS.

Volumetric Properties
50% RAP

50% RAP + 5% RAS

Control

50% RAP

50% RAP +
Delta S

50% RAP +
5% RAS

50% RAP +
5% RAS +
Delta S

Binder Type

64-28

58-28

58-28

58-28

58-28

% of Binder in Total Mix

6.50%

6.50%

6.50%

6.50%

6.50%

% of Delta S in Total Binder Mix

-

-

9%

-

9%

Average Specimen Height (mm)

118.1

118.7

117.8

121.1

119.1

Bulk Specific Gravity (Avg. Gmb)

2.318

2.307

2.329

2.251

2.267

Max. Theo. Specific Gravity (Avg. Gmm)

2.406

2.422

2.418

2.437

2.428

Average Air Voids (%)

3.68

4.77

3.68

7.65

6.63

Average VMA (%)

15.7

15.3

14.4

18

17.3

Average VFA (%)

76.6

68.7

74.5

57.4

61.7

% Binder Absorbed (%)

1.22

1.96

1.87

1.91

1.74

% Binder Effective (Pbe %)

5.36

4.67

4.75

4.71

4.87

Dust to Binder Ratio

1.12

1.3

1.26

1.27

1.23

Industry Specs.: Average Air Voids – 4%; Average VMA – Minimum 15%; Average VFA – 65-78%
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PG and Viscosity of Rejuvenated Recycled Binder
As a true rejuvenator, Delta S returns the binder in recycled asphalt to its
original functionality by reversing the natural oxidation process that causes
pavement to become brittle. The binder softens for workability and then
stiffens for durability and an undiminished lifespan.

Performance Grading Results
Continuous Grade
Binder

Performance Grade

High Grade

Low Grade

High Grade

Low Grade

64-28 (Control)

68.08

-30

64

-28

58-28

60.63

-33.91

58

-28

RAP only

82.01

-21.79

82

-16

58-28 + 50% RAP

71.81

-26.7

70

-22

58-28 + 50% RAP w/Delta S

65.1

-32.87

64

-28

• Results of performance grading tests prove that the addition of Delta S to recycled binder rejuvenates the material. In rigorous
testing, 50% RAP with 8% Delta S dosing by weight of recycled binder was used. The addition of Delta S to the 50:50 binder mix
returned the cumulative binder the virgin binder performance standards.

Viscosity Results
Binder

RAP/RAS

PG64-28
No RAP/RAS

PG58-28

None

PG58-28
PG64-28
5% RAS

PG58-28
PG58-28
PG64-28

50% RAP + 5% RAS

PG58-28
PG58-28

Rejuvenator
None
Delta S @ 3.85%

None
RAS
None
RAP & RAS

None
Delta S @ 8%
None
Delta S @ 8%

Average Viscosity
cP @ 135°F

Average Viscosity
cP @ 135°F

574.5

158.2

322.0

94.5

197.0

66.5

574.5

158.2

614.0

155.4

527.0

141.4

574.5

158.2

1622.0

348.5

947.0

217.6

• Delta S effectively penetrates into RAP and RAS to rejuvenate and soften the binder. By successfully rejuvenating RAP and RAS
binder, increased amounts of RAP and RAS can be used in pavement without negatively affecting the final product.
• Even with very high quantities of RAP and RAS, low concentrations of Delta S effectively rejuvenates and softens the binder
producing a very workable material.

www.collaborativeaggregates.com
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• At low concentrations, Delta S is a very effective softener and WMA allowing for paving at lower temperatures which can save
energy and extend the paving season.

Delta S Durability Testing (ΔTC)
Durability testing (ΔTC) results from NCAT show a higher likelihood of cracking
resistance in mix designs containing 35% RAP with 5% or 10% Delta S (dosed to
the recycled binder content) compared to mix designs containing 35% and 20%
RAP mixes without Delta S. With a criteria of -5°C for control cracking resistance of
asphalt mixes, the two 35% RAP mixtures containing Delta S would pass, while the
two without Delta S would be more susceptible to failure due to premature cracking.
Delta S Durability Testing (ΔTC)
35% RAP + 5%
Delta S*

35% RAP + 10%
Delta S*

Cracking Group
35% RAP**

Cracking Group
20% RAP Control**

DSR Unaged (°C)

81.1

75.6

84.9

90.1

DSR RTFO (°C)

79.7

76

82.8

88.6

DSR PAV (°C)

24.4

21.8

18.8

25.6

BBR PAV-S (°C)

-25.7

-27.4

-32.3

-26

BBR PAV-m (°C)

-22.3

-24.9

-23

-16.6

ΔTc (°C)

-3.4

-2.5

-9.5

-16.6

*Binders extracted from lab mixes

**Binders extracted from plant mixes
Cracking Group 20% Control &
High Density

Cracking Group 35% RAP

Cracking Group 35% RAP + 5%
Delta-S

% Total AC Required

5.72

5.7

5.71

Max Spec. Gravity Mix (Gmm)

2.474

2.481

2.477

Bulk Spec. Gravity Mix (Gmb)

2.375

2.382

2.378

4

4

4

VMA

15.6

15.7

16

VFA

74.5

74.6

75.3

Dust/Asphalt Ratio

1.24

1.25

1.11

Effective AC (Pbe)

5.03

5.05

5.24

Absorbed AC (Pba)

0.73

0.68

0.5

% AC Contribution from RAP

1.09

1.91

2.01

% AC Contribution from RAS

0

0

0

Mix Design Information

Design Air Voids (Va)

% Virgin Binder

4.63

3.79

3.71

% Recycled AC Replacement

19.05

33.47

35.12

1-1/2"

100

100

100

1"

100

100

100

3/4"

100

100

100

1/2"

99.8

99.7

100

3/8"

99

98.3

98.8

#4

74.1

74

70.7

#8

50.5

52.3

49.5

#16

38.9

40.7

41.2

#30

26

26.8

30.1

#50

15.1

15.3

15.4

#100

9.4

9.6

8.6

#200

6.2

6.3

5.8

www.collaborativeaggregates.com
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Gradation (% Passing)
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