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Abstract

There has been a paradigm shift globally from high combustion rates of all
human activities that contribute to global warming. Environmental awareness
has been increasing rapidly over the past years. In these regards, Evotherm,
which is a Fatty-Amine derivative of the hydrocarbon chain, was investigated
and used in the production of asphalt to examine the effect. The overall in-
fluence of the admixture and temperature was examined. Seven (7) Labora-
tory specimens with different additive contents of 0%, 0.25%, 0.5%, 0.75%,
1.0%, 1.25% and 1.5% were produced and compacted at different compaction
temperatures of 100°C, 115°C, 130°C, 145°C and 160°C, to evaluate Marshall
Stability parameters. The binder content for the control test and admix sam-
ples were all kept constant for the range of 5.0%, 5.5%, 6.0%, 6.5% and 7% by
weight of total mix for all the trial mixes for proper and uniform observation
and also for the determination of the optimal mix for the control and admix
samples. For each specimen mix, two (2) Marshall cylindrical samples were
compacted at heavy compaction level of 75 blows, which represent heavy traf-
fic category, and the mean result obtained for accuracy. This was done for all
the temperature categories. Therefore, for this research work, 350 cylindrical
cubes of Marshall Samples were evaluated in the laboratory. The result shows
that despite the modification on the asphalt by the Evotherm product, the
admixed asphalt exhibited similar engineering properties as Hot Mix Asphalt
even at lower temperature of 115°C, and could be used as a first step in the
promotion of improved carbon print from Nigerian Asphalt pavements.

Keywords
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1. Introduction

Environmental awareness has been increasing rapidly over the past years. Exten-

sive measures like air pollution reduction targets set by the European Union
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with the Kyoto protocol have encouraged efforts to reduce pollution [1].

Persistent warnings regarding the adverse effects of the excessive emission of
greenhouse gases most notably, carbon dioxide led to intensive efforts on a glob-
al scale to address these concerns culminating with the ratification of the Kyoto
protocol by the European Union in which they pledged to lower the carbon dio-
xide emissions by 15% by 2010 and further reductions in future efforts [1].

These newly imposed environmental restrictions spurred the asphalt industry
bodies in European countries to look into new approaches and techniques that
lower emissions and energy consumption. The production of Hot Mix Asphalt
(HMA) raises a number of environmental concerns because of the emission of
gases such as CO,, SO, and NOx into the atmosphere and the health risks en-
countered by both asphalt workers on the field and in the asphalt plants. The
United Nations conference on the environment and sustainable development
that was held in Rio de Janeiro in 1992 marked the beginning of universal
awareness of the risks of damage facing this planet. The destruction of natural
resources and climate change are the main causes of damage and disruption of
ecosystems. Industry, agriculture, and transport are blamed for being the main
contributors. This awareness was formalized in 1997 by the Kyoto Protocol to
the United Nations Framework Convention on Climate Change, which featured
in particular, a commitment made by signatory states to bring greenhouse gas
emission rates down. Many research efforts have been carried out in response to
the commitment in different areas, with all of such efforts tending to new mod-
ifications of existing technology to suit the environment. The asphalt industry,
which also accounts in the massive contribution to the pollution, is not left out
(1] [2].

An amendment to the United Nations Framework Convention on Climate
Change was negotiated in Kyoto in 1997 and came into effect on February 16,
2005. The participating nations were expected to have reached noticeable success
in 2005. Countries that ratify this protocol commit to reducing their collective
emissions of six greenhouse gases by 5.2% compared to the year 1990, calculated
as an average over the five-year period of 2008-2013. Conditions in each country
were considered when national targets were set and they range from 8% reduc-
tions for the European Union to 10% permitted increases for countries such as
Iceland with extremely cold temperature [2].

The asphalt paving industry is constantly exploring technological improve-
ments that will enhance the materials’ performance, increase construction effi-
ciency, conserve resources, and advance environmental stewardship. Current
and impending regulations on emissions and energy conservation are making
attractive the new modifications in asphalt mix production [3].

With the prices of crude oil increasing and reserves of natural non-renewable
resources dwindling over time, the needs for adopting greener and more sus-
tainable approaches in various construction activities are stronger. The asphalt
production industry has been keen during the last few decades to reduce the

impact of its activities on the environment especially regions adjacent to its op-
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erating activities and on natural resources [3].

Researchers have been trying to reduce the mixing/compaction temperature
of HMA since the 1970s by utilizing the moisture in the aggregate, foaming the
binder, and of course, using emulsified asphalts [4].

Reducing the HMA production temperature and the placement temperature
could bring several economical, environmental, and even performance benefits.
Certain members of the asphalt industry are studying technology for reducing
production temperatures by 50°F or more within the next decade. One category
of current promising products has been termed Warm-Mix Asphalt (WMA).
Although WMA is in its infancy, the technology and its potential benefits are
stirring significant interest in Europe North America, and other countries inter-
ested in economical, environmentally friendly paving materials [5].

Producing asphalt at lower temperatures know as Warm Mix Asphalt (WMA)
is a technology that allows significant lowering of the production and paving
temperature of conventional Hot Mix Asphalt (HMA). By reducing the viscosity
of bitumen and/or increasing the workability of the mixture, some WMA tech-
nologies can reduce the temperature significantly without compromising the
performance of the asphalt. This promises various benefits over HMA, e.g. lo-
wering the greenhouse gas emissions, lowering energy consumption, improved
working conditions and better work ability and compaction [6].

The evolution of Warm Mix technologies of asphalt production in Europe was
driven by a number of identified benefits acquired through the adoption of these
technologies. The most notable benefits reported are the reduction in harmful
emissions and energy consumption. Moreover, improvements in compaction
enable the extension of the pavement season and longer haul distances. Lower-
ing the heat used to produce asphalt mixes is not completely new in other parts
of the world. The idea of saving energy and lowering emissions in the asphalt
industry has been discussed for decades. In 1956, the potential of foamed bitu-
men for use as a soil binder was realized. Since then, foamed asphalt technology,
which allows lower mixing temperatures, has been used successfully in different
countries, including USA, Australia and Europe [7]. The original process con-
sisted of injecting steam into hot bitumen.

In 1968, Mobil Oil Australia, which had acquired the patent rights for Csanyi’s
invention, modified the original process by adding cold water rather than steam
into the hot bitumen [8]. The bitumen foaming process then became more prac-
tical.

In the early 1970s, Chevron developed new methods to prepare paving mix-
tures stabilized by emulsified asphalt. In 1977, Chevron published their “Bitu-
muls Mix Manual” [8].

The United States Clean Air Act was passed into law in 1970. The first Earth
Day was held that same year. Since that time, US industries have worked to be-
come better environmental stewards [9].

Technologies that allow lower HMA production temperatures may demon-

strate positive impacts on pavement performance, because the technologies im-
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prove the workability of the mix, they should reduce (or, at least, certainly not
increase) compaction energy requirements and, thus, enhance in-place density
[10].

Enhanced compaction is, of course, a key parameter regarding performance.
Furthermore, the majority of aging of asphalt binder in HMA occurs in the plant
when exposed to elevated temperatures. Lower mixing temperature will reduce
oxidative hardening, which should reduce susceptibility to cracking by improv-
ing pavement flexibility and longevity [11].

With the development of the global economy, how to address sharply in-
creasing demand for fossil fuels and reduce gas emissions has become a critical
issue for society [12]. The asphalt industry is also always looking for an efficient
way to reduce emissions and save energy.

The National Asphalt Pavement Association (NAPA) sent out a study team
to Europe to evaluate and research three of the adopted European technologies
in the summer of 2002. The NAPA study team visited asphalt production facil-
ities, paving sites and completed road sections in Germany and Norway to
study the use of synthetic zeolite, WMA and synthetic paraffin wax additive
technologies [13]. Although the warm mix technologies were regarded as prom-
ising, certain questions persisted over its applicability to the United States in
terms of climatic conditions, mix designs and construction practices. The need
to initiate a research program to assist in answering these concerns was cited
along with the necessity to implement demonstration projects that help in va-
lidating the performance of these technologies. Moreover, NAPA invited a se-
lected group of European experts to introduce the European experience with
WMA to the American HMA industry at the 2003 NAPA annual meeting in
San Diego [14].

1.1. Hot Mix Asphalt

Hot-Mixed Asphalt (HMA), is commonly and massively used in Nigeria due to
the fact that most roads are flexible pavement design. It is typically produced in
either batch or drum mix asphalt plants at a discharge temperature ranging from
150°C to 163°C. It has been necessary to use these elevated temperatures to dry
the aggregates, coat them with the asphalt binder, achieve the desired workabili-
ty, and provide sufficient time to compact the HMA mat [15] [16]. Traditional
HMA is usually produced at temperatures between 140°C and 163°C (284 and
325°F) and compacted at about 80°C to 135°C (175 to 275°F). The temperature
of the asphalt mix has a direct effect on the viscosity of the asphalt cement bind-
er and thus compaction. As hot mix asphalt temperature decreases, its asphalt
cement binder becomes more viscous and resistant to deformation, which results
in a smaller reduction in air voids for a given compactive effort. Eventually, the
asphalt binder becomes stiff enough to prevent any further reduction in air voids
regardless of the applied compactive effort. The temperature, at which this oc-
curs, the cessation temperature, is considered to be about 79°C (175°F) for dense
graded HMA mixes [17].
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Hot Mix Asphalt (HMA) consists of a combination of aggregate uniformly
mixed and coated with asphalt cement. To dry the aggregates and obtain suffi-
cient fluidity of asphalt cement for proper mixing and workability, both the ag-
gregate and bitumen must be heated prior to mixing hence the term “Hot Mix”
[18].

HMA consists of two basic ingredients: aggregate and asphalt binder. HMA
mix design is the process of determining what aggregate to use, what asphalt
binder to use and what the optimum combination of these two ingredients ought
to be. HMA mix should be designed to achieve the following properties: resis-
tance to deformation, fatigue resistance, resistance to low temperature cracking,
durability, resistance to moisture susceptibility, skid resistance and workability.
There are basically three methods used to achieve the aforementioned, which are
the Hveem, Marshall and Superpave methods [19]. All the methods are com-
monly used in other countries. Whereas, in Nigeria, Marshall method only is
used to achieved the design and performance [17].

The specification that guides asphalt design in Nigeria using the Marshall Sta-
bility method is the Nigerian General Specification for Roads and Bridges [17].
The general guide to the design mix is shown in Table 1 for aggregate envelop
and bitumen ranges for both Wearing and Binder courses.

For the analysis of the design, Table 2 states the basic engineering parameters
to be considered in order to have a good design for good performance under

traffic loading with corresponding upper and lower limits of specification band.

Table 1. Aggregate gradation/bitumen content limits for binder and wearing courses for
HMA.

BS Sieve Sizes

Binder course Wearing course

Inches mm (%) (%)

17 25.00 90 - 100 100

3/4 19.00 70 - 90 100
1/2 12.50 55-80 85 -100
3/8 9.50 47 -70 75-92
1/4 6.30 40 - 60 65 - 82
No. 8 2.36 27 - 45 50 - 65
No. 16 1.18 20 - 34 36 -51
No. 30 0.60 14 - 27 26 - 40
No. 50 0.30 8-20 18 - 30
No. 100 0.15 5-15 13 -24
No. 200 0.75 2-6 7-14
Bitumen Content 45-6.5 5.0-8.0

Source: Nigerian General Specification for Roads and Bridges (1997).
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Table 2. Properties/specification of compacted hot mix asphalt.

S/No. Properties Binder course Wearing course
1. Optimum Bitumen Content 4.5% - 6.5% 5.0% - 8.0%
2. Stability Not less than 3.5 kN Not less than 3.5 kN
3. Flow 2 mm - 6 mm 2 mm - 4 mm
4. Void in Total Mix 3% - 8% 3% - 5%
5. Void Filled with Bitumen 65% - 72% 75% - 82%

Source: Nigerian General Specification for Roads and Bridges (1997).

1.2. Evotherm

Evotherm is a new generation chemical additive developed in the USA by
MeadWestvaco Asphalt Innovations, Charleston, South Carolina (now Ingevity
Inc.). It is based on a chemical process that can be delivered in the form of high
residue asphalt emulsion. Water in the form of steam is released when the Evo-
therm is mixed with hot aggregate. Evotherm can also be delivered as a water
based soap solution known as Evotherm DAT, or as a chemical package that
does not contain water known as Evotherm-3G. The chemistry that led to the
successful production of the Evotherm has the potential to improve coating,
workability, and adhesion in asphalts [20].

The Evotherm technology can also be modified and delivered in three differ-
ent forms as described below.

1) Evotherm ET (Emulsion Technology) (First Generation)—a high asphalt
cement (AC) content, water-based asphalt emulsion. Evotherm ET requires no
plant modifications.

2) Evotherm DAT (Dispersed Asphalt Technology) (Second Generation)—a
concentrated solution of Evotherm additives in-line injected at the mix plant.
Evotherm DAT allows for flexibility.

3) Evotherm 3G (Third Generation)—This was developed in partnership with
Paragon Technical Services and Mathy Technology & Engineering. This catego-

ry of Evotherm, which is an Evotherm, 3G is in water-free form [21].

2. Materials and Experiments

The experimental design of this research work was grouped into three distinct
stages which include; preliminary investigation, laboratory investigation and de-
tailed investigation of all materials used for the research work including the con-
trol asphalt mix samples and all the admixed samples. Table 3 shows the basic
properties of the bitumen used, which met all the required specification for a
good asphalt mix.

The laboratory work carried out on the aggregates samples, gave the results in
Table 4, which all are within specification, therefore accepted for the research
work.

Table 5 shows most of the Evotherm-3G properties with fatty-amine proper-

ties and high flash point with no loss on ignition. The properties are categorized
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Table 3. Laboratory test on bitumen.

S/No. Test Results (average) Remarks
L. Penetration at 25°C 64 OK
2. Fire and Flash Points 250°C OK
3. Specific Gravity 1.02 OK

Table 4. Laboratory test on aggregates.

S/No. Test Average Result S;Iefi‘gci(tiljn
L. Aggregate Crushing Value (ACV) 28% <35%
2. Aggregate Impact Value (AIV) 30% <35%
3. Elongation Index 26% <30
4. Flakiness Index 28% <30
5. Water Absorption 0.5% NA
6. Specific Gravity (10 - 14 mm) 2.69 NA

Table 5. Physical and chemical properties of Evotherm-3G.

S/No. Description Properties
1. Product Identifier EVOTHERM-3G
2. Chemical Name Fatty-amine derivative
3. Physical State Liquid
4. Colour Amber (Dark)

5. Odour Amine-like

6. PH Value 10 to 12 (Conc. (%w/w): 15%)
7. Melting Point <-30°C (<—22°F)

8. Boiling Point >200°C (>392°F)

9. Flash point Closed cup: >266°C (>510°F)
10. Vapour Pressure <1.0 x 107" mmHg@25°C
11. Relative Density 0.97 (Water = 1)

12. Solubility Partially soluble in Hot and Cold water
13. Partition Coefficient: n-octanol/water: 2.2

14. Auto-ignition Temperature 365°C to 375°C (689°F to 707°F)
15. Flammability NA

Source: Ingevity Corporation, Carolina USA, 2015.

into physical and chemical state as shown. Flammability was represented by
flash point which is above 266°C.

Asphalt Mix Design

An asphalt concrete is a high-quality, carefully controlled hot mixture of asphalt

cement and well-graded, high-quality aggregate thoroughly compacted into a
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uniform dense mass.

The first step in obtaining this “high-quality mixture” is known as the mix-design.
A successful mix design of recommended mixture of aggregate and asphalt
binder is Asphalt Mix Design.

For HMA manufacturing, target values of gradation and asphalt binder con-
tent are specified based on the mix design along with allowable specification
bands to allow for inherent material and production variability.

The end-result of a successful mix design is a recommended mixture of ag-
gregate and asphalt binder as shown in Table 6. This recommended mixture,
which also includes aggregate gradation and asphalt binder type is often referred
to as the Asphalt Mix Design.

From the analysis, the asphalt mix design obtained for research work through
the Marshall investigation is as shown in Table 6. It represents a complete batch

of mix by weight for any size of production.

3. Results and Discussion

Seven (7) Laboratory specimens with different additive contents (0%, 0.25%,
0.5%, 0.75%, 1.0%, 1.25% and 1.5%) were compacted at different Five (5) com-
paction temperatures (100°C, 115°C, 130°C, 145°C and 160°C) as shown in
Figure 1 in order to evaluate Marshall Stability parameters. The binder content
for the control test and admix samples were kept constant for the range of 5.0%,
5.5%, 6.0%, 6.5% and 7% for all the trial mixes for proper and uniform observa-
tion and also for the determination of the optimal mix for the control and admix
samples. For each specimen mix, two (2) Marshall cylindrical samples were
compacted at heavy compaction level (75 blows) and the mean result obtained
for accuracy.

The combination of the mixes gave a total of 175 samples, which was doubled
for the purpose of obtaining average. This further makes the actual total of sam-
ples to be 350 cylindrical Marshall samples.

The laboratory analysis and results are presented in tables and graphics that
follows, for easy interpretations and use.

The presentation in Figure 2 shows all the various results obtained for the mix

at different production temperatures. At 100°C, the material was poorly coated

Table 6. Summary of asphalt mix design.

i Screen Sizes Designed Proportions
S/No. Materials MM) & %) P

L. 1/2 inch size of aggregates 12.5 19.0
2. 3/8 size of aggregates 5-10 21.0
3. Stone Dust 0-5 48.0
4. Filler 0-1 6.0
5. 60/70 Pen Bitumen NA 6.0

Total 100%
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Mix Proportion for Evotherm and Bitumen with Temperature Ranges

7.00%

6.00%

5.00%
4.00%
3.00%
2.00%
1.00%
0.00%

0.00% 0.25% 0.50% 0.75% 1.00% 1.25% 1.50%

Bitumen Content

Evotherm Content

m100°C W115C ®™130°C m145C m160°C

Figure 1. Mix proportion for Evotherm/bitumen and production temperatures.

Control Sample at 6% Bitumen; and 0% evotherm

180
160
140
120
100

60
40
20
P [ p—— e —— ] |

0
Density

Prod Tempt (%) Binder (g/cu.cm) VFM (%) VFB (%) Flow (mm) Stability (KN)
@2 115 7.00% 2.22 7.97 59.61 1.95 2.33
o3 130 7.00% 2.27 5.56 72.04 2.05 2.54
ay) 145 6.00% 2.34 4 79.13 2.5 8.3
@5 160 6.00% 2.34 3.86 79.88 2.85 9.5

Figure 2. Summary of results for control sample used at optimal bitumen content.

due to low temperature, which is normal for HMA production at low tempera-
tures, as such, compaction was not enough to produce any result as the com-
pacted sample dissolved in the water bath during the soaking process at 60°C.

For quality assurance purpose, an extraction test was carried out as one of the
reverse engineering method of checking the conformity of already-mixed asphalt
to the targeted design mix as represented in Figure 3.

The extraction test enables a check on compliance with the supposed bitumen
content designed for mix and also checks the aggregate gradations whether it is
in conformity with required aggregate envelope for the mix design.

Figure 4 shows a stage of production at which the mix is till performing like
the conventional HMA with enhanced compaction densities which shows initial
reaction of Evotherm. It exhibits similar behavior like the control mix, except for

an initial compaction at 100°C which was not successful for the control mix.
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Sieves(mm) 19.0 | 125 10.0 6.3 2.36 1.18 0.6 0.3 0.15 | 0.075
Upper Limits(%) 100 100 92 82 65 51 40 30 24 14
Total passing(%) | 100 | 90.4 | 817 | 705 | 592 | 482 | 38.0 | 26.4 | 16.7 | 7.7
Lower Limits(%) 100 85 75 65 50 36 26 18 13 7
100
90
80 f r//
~ | A/
70 -t
g 60 e
F 50 o
& 1 o A
X 30 = ~
] -
20 p” —
10
0
0.01 0.10 1.00 10.00

Sieve Size mm

Figure 3. Result of extraction test for the HMA optimal mix.

Admixed Sample at 5.75% Bitumen and 0.25 Evotherm

180
160
140
120

| | ‘i
0 | SRNNNNNIRNY B - II || AN -

N B @ ® O
©o ©o © © o

Prod Temp °C Binder Density g/cu.cm VFM (%) VFB (%) Flow (mm) Stability (KN)
ml 100 7.00% 2.25 6.43 67.58 1.95 2.6
u2 115 7.00% 2.29 4.46 77.65 2.35 2.92
3 130 7.00% 23 4.36 78.18 2.5 3.86
m4 145 6.00% 2.34 3.7 80.75 2.65 7.95
u5 160 6.00% 2.34 3.83 80.04 33 9.1

Figure 4. Summary of results for admix sample at 0.25% Evotherm content and 5.75%
bitumen content.

At 0.50% Evotherm content and 5.50% bitumen content, the mix shows a bet-
ter bonding property with more compaction densities as compared with the
former at 0.25% Evotherm mix. Figure 5 showed a stage of mix where the ma-
terial still behaves like the conventional HMA with all parameters exhibiting the
properties of HMA, but with an enhanced compaction and coating at early tem-
perature of 100°C. For 0.25% and 0.50% of Evotherm content, the mix was able
to withstand the 1-hour soaked period in the water bath, which when compared
with the Control sample, it was in the contrary as the sample at 100°C produc-
tion temperature failed by dissolution in the water bath after 30 minutes of
soaking. This is an indication of Evotherm enhancing compaction rates.

There is better performance at 0.75% Evotherm content and 5.25% bitumen
content as shown in Figure 6. At production temperatures of 100°C to 160°C,
the mix is very stable even though at lower stability at 100°C, but above the mini-
mum requirement of 3.5 KN according to specification. It shows better consis-
tency in compaction that controls the voids in the sample. It has an indication of

good performance at lower production temperature as can be evidenced with
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Admixed Sample at 5.50% Bitumen and 0.50 Evotherm

0 e s s e e | ] 0 [ —— p——— | |
Prod Tempt (°C) Binder De"SCiE‘:r(\)g/ . VEM (%) VFB (%) Flow (mm) Stability (KN)
@1 100 7.00% 228 492 7531 225 321
@2 115 7.00% 23 416 79.19 23 322
3 130 7.00% 231 413 79.32 2.25 3.45
m4 145 6.00% 235 355 81.53 335 8.05
@s 160 6.00% 2.33 423 77.94 34 9.05

Figure 5. Summary of result for admix sample at 0.50% Evotherm content and 5.50% bi-
tumen content.

Admixed Sample at 5.25% Bitumen and 0.75 Evotherm
180
160 —
140
120
100
80
60
40

20

0 s s e o | N O PE—— ]|
Prod Tempt (*C) Binder Density VEM (%) VFB (%) Flow Stability (KN)
P (g/cu.cm) E " i
m1 100 7.00% 23 4.39 77.99 25 a7
m2 115 6.50% 232 4.23 78.4 25 7.25
3 130 6.50% 232 412 78.94 2.9 8.25
ma 145 6.00% 233 442 76.95 3 8.7
ms 160 6.00% 233 4.39 77.1 3.4 9.15

Figure 6. Summary of result for admix sample at 0.75% Evotherm content and 5.25% bi-
tumen content.

the results at 100°C to 115°C in Figure 6 satisfying most of the design parame-
ters.

Figure 7 shows the result with optimal performance. The mix is at 1% Evo-
therm content by weight of binder and 5% Bitumen content by weight of binder.
The bitumen content of 5% is the least acceptable for a wearing course design as
specified by Nigerian Standard. This shows that the bitumen content that gave
the optimal mix is within the specification. It gives asphalt produced and com-
pacted at lower temperature when mixed with 1% Evotherm by weight of binder
content than the conventional production temperature with all the parameter
satisfying HMA design parameters. The Optimal Mix as indicated in Figure 7 is
at 115°C production temperature, 1% Evotherm by weight of binder, 5% Bitu-
men content by weight of binder mix ratio and 6% binder content by weight of
total mix designed.
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Admixed Sample at 5.00% Bitumen and 1.00 Evotherm

180

140
120
100
80
60
40
20

. ——— —— 1T
Prod Temp (°C) Binder (:/iﬂsg) VEM (%) VFB (%) Flow (mm) Stability (KN)
@1 100 6.00% 234 3.99 79.19 32 49
m2 115 6.00% 235 38 80.19 31 9.7
3 130 6.00% 235 377 80.34 3.7 85
m4 145 5.50% 235 446 76.21 3.9 85
ms 160 5.50% 235 433 76.92 38 8.1

Figure 7. Summary of result for admix sample at 1.00% Evotherm content and 5.00% bi-
tumen content.

More so, for quality assurance purpose of the optimal mix for the admixed
samples indicated in Figure 7 at a production temperature of 115°C, an extrac-
tion test was carried out as one of the reverse engineering method of checking
the conformity of already-mixed asphalt produced at lower temperature to the
targeted design mix.

At higher content of Evotherm with the mix ratio of 1.25% Evotherm content
by weight of binder and 4.75% bitumen content by weight of binder, the material
shows a little decline in the performance as evidenced in Figure 8. The flow
which is a function of deformation is high, which could be responsible for the
drop in stability. The high flow of the sample is not unconnected with the in-
creased content of Evotherm, giving the mix a high workability property there-
by, the increase in flow and decrease in stability. There is a sharp drop in stabili-
ty when compared to production with 1% Evotherm content by weight of binder
and 5% bitumen content by weight of binder.

Finally, Figure 9 represents results at 1.50% Evotherm content and 4.50% bi-
tumen content. As evidenced from the table, there is a further decline in stability
and flow even at low temperature, which indicates the reactiveness of Evotherm
at higher quantity. The higher the quantity of Evotherm, the lower the quantity
of bitumen, which increases the rate of reaction by increasing the workability of
the asphalt produced. This property also guided the research limit of Evotherm

percentage range in the investigation.

Discussion of Engineering Parameters

The basic engineering parameters in Marshall method of asphalt investigation
are the bulk density, Voids in Total Mix, Voids Filled with Bitumen, Marshall
Flow and Marshall Stability. The behaviors of these parameters aforementioned
affect the judgement of selection of the best performing asphalt mix. The graph-
ical presentations in Figure 10 to Figure 14 represent the various behaviors of
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Admixed Sample at 4.75% Bitumen and 1.25 Evotherm

o —— | e T o e |
Prod Tempt (C) Binder Density VEM (%) VFB (%) Flow (mm) Stability (KN)

P (g/cu.cm) ° ¥
1 100 6.00% 234 38 80.19 38 45
m2 115 6.00% 235 353 81.62 4 6.4
@3 130 6.00% 234 36 81.25 41 6.8
4 145 5.50% 234 469 75.98 4 7.25
ms 160 5.50% 235 441 76.5 4,05 6.4

Figure 8. Summary of result for admix sample at 1.25% Evotherm content and 4.75% bi-
tumen content.

Admixed Sample at 4.50% Bitumen and 1.50 Evotherm

180
160 =
140
120
100
80
60
40
20

0 e s e e | R ) e | = = —
Prod Tempt (°C) Binder (:/ec:it:‘) VEM (%) VFB (%) Flow (mm) Stability (KN)
w1l 100 6.50% 2.33 3.7 81.13 4.25 4.2
m2 115 6.00% 2.34 4.06 78.85 4.05 5.25
3 130 6.00% 2.34 3.97 79.28 4.15 53
m4 145 6.00% 234 3.86 79.91 43 45
ms 160 6.00% 234 4.02 79.02 43 432

Figure 9. Summary of result for admix sample at 1.50% Evotherm content and 4.50% bi-
tumen content.

these parameters under the different mix proportions and mix ratios and also at
different production temperatures of 100°C to 160°C.

Figure 10 shows that at a production temperature of 100°C for the control
mix sample, the bulk density was undetermined due to lack of bonding of the
sample at that temperature, at production temperature of 100°C. The densities
showed an increase pattern from 2.22 g/cm’® at 100°C to 2.34 g/cm’ at 160°C.
The density property for 145°C and 160°C showed similar behavior. This is a
normal condition for HMA production as the temperatures were within the
normal production temperatures for conventional HMA.

For the admixed sample, compaction was achieved at 100°C. This is an indi-
cation that reaction exists between the bitumen and Evotherm. For 0.25% to

1.50% of Evotherm content by weight of binder and a corresponding decreasing
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Admixed

Control
c 0.25/5.75  0.50/5.50 0.75/5.25 1.00/5.00 1.25/4.75 1.50/4.50

23 — e 5% —

Ny
1 ‘/

//
0 v

1

0

Bulk Densities
g/cm3

2 3 4 5 6 7
=4—100"C 2.25 2.28 23 2.34 2.34 2.33
——-115C 2.22 2.29 23 2.32 2.35 2.35 2.34
130°C 2.27 23 2.31 2.32 2.35 2.34 2.34
=>=145"C 2.34 2.34 2.35 2.33 2.35 2.34 2.34
==160"C 2.34 2.34 2.33 2.33 2.35 2.35 2.34

Figure 10. Bulk densities for all categories of mix proportions and production tempera-
tures.

order of bitumen content from 5.75% to 4.50%, by weight of binder gave a better
compaction. The values are from 2.25 g/cm® at 0.25% Evotherm content and
5.75% bitumen content at 100°C production temperature to 2.35 g/cm’. There is
consistency in the compaction densities at higher content of Evotherm from 1%
to 1.25%. Above these values, there is slight drop in the compaction, which could
be as a result of high flow rate of the mixdue to excessive Evotherm content
which reacted more with the bitumen. For the optimal mix the bulk densities or
bulk specific gravity of compacted asphalt is 2.35 g/cm’.

Excessive voids in the mixture would result in cracking due to insufficient
binders to coat the aggregates, while too low air void may induce more plastic
flow (rutting) and bleeding. For this reason, the Federal Ministry of Works and
Housing (FMWH) Specification, specifies that the minimum void in the total
mix of binder and aggregate should not be less than 3% and 5% maximum. Fig-
ure 11 shows the different voids in the total mix. From the results, at 100°C
production temperature for admixed samples at 0.25% by weight of the total
binder content shows a high void percentage. This is due to the fact that the as-
phalt material at 0.25% Evotherm content by weight of mix is exhibiting the
property of HMA with higher voidsand lower density.

However, the voids in total mix of mixtures are located within the specifica-
tion range of 3% to 5% for all mixes with production temperature of 115°C and
above with minimum Evotherm content of 0.25% which supports the use of
these Evotherm additives. For the optimal mix value, the void in total mix is
3.80%.

In Figure 12, at control sample, voids filled with bitumen for 145°C and
160°C show similar percentage. This is unconnected to the high temperature of
production, which enhances uniform mix of all constituent materials for the
conventional production. At lower production temperature for the control sam-
ple, the void is lower, which indicates lower binder fill and subsequent increase

in voids in total mix for the category of 100°C to 115°C production temperatures.
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Control Admixed
9 C 0.25/5.75  0.50/5.50 0.75/5.25  1.00/5.00 1.25/4.75 1.50/4.50

2

= 6 —

Tg 5

£g§ i — %—

£53 -

] 1

h=] &

=) 0 v

> 1 2 3 4 5 6 7
——100°C 0 6.43 4.92 4.39 3.99 3.8 3.7
—-115C 7.97 4.46 4.16 4.23 3.8 3.53 4.06
==130"C 5.56 4.36 4.13 4.12 3.77 3.6 3.97
=>=145°C 4 3.7 3.55 4.42 4.46 4.69 3.86
—=¥=160"C 3.86 3.83 4.23 4.39 433 4.41 4.02

Figure 11. Voids in total mix for all categories of mix proportions and production tem-
peratures.

Control Admixed
c 90 (4 0.25/5.75  0.50/5.50 0.75/5.25 1.00/5.00  1.25/4.75 1.50/4.50
v
E 80 = =
2 70 _/\___._%_ %
0 60 /
£_ 50 /
2 §S 40 4
T~ 30 -
H 20 7
10 —
-] 0 v
S 1 2 3 4 5 6 7
——100°C 0 67.58 75.31 77.99 79.19 80.19 81.13
——-115C 59.61 77.65 79.19 78.4 80.19 81.62 78.85
—#4=130°C 72.04 78.18 79.32 78.94 80.34 81.25 79.28
==145"C 79.13 80.75 81.53 76.95 76.21 75.98 79.91
=%#=160"C 79.88 80.04 77.94 77.1 76.92 76.5 79.02

Figure 12. Voids filled with bitumen for all categories of mix proportions and production
temperatures.

For the admix category of mixes, Voids Filled with Binder (VFB) is inversely
related to voids in total mix in Figure 12 and hence as voids decreases, the VFB
increases. The decrease of VFB indicates a decrease of effective bitumen film
thickness between aggregates, which will result in higher low-temperature
cracking and lower durability of bitumen mixture since bitumen perform the
filling and healing effects to improve the flexibility of mixture.

The Nigerian specification states that the void filled with Bitumen or Binder
should be between 75% to 82% for a wearing course asphalt design. Therefore, as
mentioned above, samples at 0.25% - 0.50% Evotherm content with lower pro-
duction temperature of 100°C to 115°C which shows higher voids in total mix
has lower voids filled with binder, whereas all other mixes are within specifica-
tion band. For the optimal mix value, the void filled with binder is 80.19%. It is
closer to the upper limit band which indicates sufficient binder content.

From the graphical pattern in Figure 13, there is a gradual increase in the flow
rate from the control sample to the admixed sample with maximum Evotherm

content of 1.50% by weight of total binder. These pattern shows a shift from the
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Control Admixed
5 Cc 0.25/5.75  0.50/5.50 0.75/5.25 1.00/5.00 1.25/4.75 1.50/4.50

'g 2 [ [ I Mgﬁ_
£ 3 -

£ 2 = —

2 1

o 0 ¥

* 1 2 3 4 5 6 7
=—100°C 0 1.95 2.25 25 3.2 3.8 4.25
——-115°C 1.95 2.35 23 2.5 31 4 4.05

130°C 2.05 2.5 2.25 2.9 3.7 4.1 4.15

=¢=145"C 2.5 2.65 3.35 3 3.9 4 4.3
=#=160"C 2.85 3.3 3.4 3.4 3.8 4.05 4.3

Figure 13. Marshall flow for all categories of mix proportions and production tempera-
tures.

low flow rate to the required flow rate, which is within the specification to exces-
sive flow rate. Therefore, there is a 3-phase flow pattern in the representation;
Low flow, Moderate flow and High low. The moderate flow is within the specifi-
cation of 2 mm to 4 mm.

Flow values of Evotherm mixtures increases as shown in Figure 13 owing to
the reaction of bitumen and Evotherm viscosity property of the mixture, the
mixes become more flexible and the resistance to deformation decreases result-
ing in a high flow value at higher Evotherm content. However, flow values at
115°C and above 115°C are within the required specification range of 2 to 4 mm
except for the control sample. But above 1.25% Evotherm content by weight of
binder and 4.75% bitumen content by weight of binder at a production temper-
ature of 130°C and above, the flow is outside the specification band at the upper
limit (Ze. excess flow). Similarly, at 1.50% Evotherm content by weight of binder
and 4.50% bitumen content by weight of binder at all production temperatures
of between 100°C to 160°C, the flow rate are all above 4 mm which is the maxi-
mum recommended by the specification. This is due to the high Evotherm con-
tent which induces reaction by increasing the deformation. For the optimal mix
value, the Marshall flow 3.1 mm. It is approximately the mean value of the speci-
fication range of 2 - 4 mm.

It is evident that the presence of Evotherm in the mixtures effectively im-
proves the stability values at the appropriate mix ratios and proportions. Figure
14 shows the behavior of the stabilities which results in an improvement of
mixture toughness. Stability values were low for the control sample at low tem-
perature but increased significantly with increased Evotherm content even at
lower temperatures to a maximum value of 9.7 KN and later decreases with in-
creasing Evotherm content. This is due to the high deformation because of high
reaction of bitumen/Evotherm material that affects the viscosity property.

It may be noted that all admixed samples above 1% Evotherm content by
weigh of binder and 5% bitumen content at lower temperature gave stability

values above the minimum of 3.5 KN required by the specification.
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Control Admi
12 c 0.25/5.75 0.50/5.50 0.75/5.25 1.00/5.00  1.25/4.75 1.50/4.50
10 %
8 VI i i —_—
Z
5 6 //T, =
L 4 . / hd O
»n Z —_—
2, T
N =
© 0 ¢
= 1 2 3 4 5 6 7
——100°C 0 2.6 3.21 4.7 4.9 4.5 4.2
—8-115°C 2.33 2.92 3.22 7.25 9.7 6.4 5.25
130°C 2.54 3.86 3.45 8.25 8.5 6.8 5.3
=>=145°C 8.3 7.95 8.05 8.7 8.5 7.25 4.5
=34=160°C 9.5 9.1 9.05 9.15 8.1 6.4 4.32

Figure 14. Marshall stability for all categories of mix proportions and production tem-
peratures.

4. Conclusion

At the optimal mix point, the Bulk Specific Gravity is 2.35 g/cm’ the Voids in
Total Mix is 3.80%; Voids in Mineral Aggregates is 19.20%; Voids Filled with
Bitumen is 80.19%; the Marshall Flow is 3.1 mm and the Marshall Stability is 9.7
KN. The admixed asphalt exhibited similar engineering properties as HMA even
at low temperature of 115°C. Lastly, the use of Evotherm in the asphalt mix
production reduced the temperature from 163°C to 115°C. This represents 29.5%

temperature reduction.

5. Recommendations

1) Evotherm could be use in partial replacement in bitumen for Warm Mix
Asphalt (WMA) production in Nigeria.

2) Several trials could be made in order to build confidence in the use of Evo-
therm in Warm Mix Asphalt (WMA).

3) Since global warming is now a reality, Warm Mix Asphalt (WMA) should
gradually replace Hot Mix Asphalt (HMA) to reduce carbon footprint from as-
phalt pavements.

The introduction of cool pavement could be used to further reduce pavement

albedo on Nigerian roads.
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