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Abstract: The workability of asphalt mixtures influences the logistical processes and workmanship
during pavement construction. There are various methods for analyzing the workability of asphaltic
concrete mixtures. However, there is a lack of user-friendly laboratory methods that enable asphalt
technologists, pavement engineers, laboratory technicians, and researchers to characterize the trend
of workability via Newtonian physics. In this paper, a new methodology, based on momentum
theory, has been proposed to evaluate the effects of construction temperature and compaction aid
additives on mixture workability. Additionally, a new parameter, namely, the kinematic densifying
index (KDI), is defined by the energy conservation theory. The results indicate a linear relationship
between compaction energy and bulk specific gravity, which proportionally influence the indirect
tensile strength of the mixtures. An adverse correlation between the KDI and the compaction energy
index (CEI) was detected. The trend of the KDI strongly depends on the mixing temperature and
the additive content. In conclusion, in the future, the KDI can be recommended as a supplementary
indicator to analyze the workability of asphalt mixtures. More research is required to correlate the
KDI and the other workability indicator for various aggregate gradations and binder types.

Keywords: workability; compaction energy; kinematic densification energy; conservation energy;
warm mix asphalt; hot mix asphalt

1. Introduction

Asphalt mixture workability is a key criterion in the construction of flexible pave-
ments. More workable mixes ease the compaction effort and can accelerate paving work
or allow the reduced use of compaction equipment, providing a cost savings. The role
of compaction in pavement performance is significant, with asphalt density accounting
for more than 80% of structural and functional failures, such as rutting, moisture damage,
and raveling in asphalt pavements [1]. Therefore, it is essential that the workability is
assessed via laboratory and field assessments to meet the norm of quality control and as-
surance purposes. The workability of asphalt mixtures depends on many variables, such as
binder type, mixture temperature, aggregate gradations, nominal maximum aggregate size,
aggregate types, filler types, modifier contents, optimum binder content (OBC), content
and type of waste materials in the mixture, and ambient temperature. In addition, warm
mix asphalt (WMA) technology is a practical approach to improving the workability of
mixtures at lower construction temperatures [2-6]. The workability can also be improved
via a change in the sequence of blending aggregate particles and binder [7]. However,
considering all the variables in the analysis of workability is impractical. Based on the liter-
ature review, previous studies show that there are three concepts to measure workability:
equiviscous temperature (EVT), equi-torque temperature (ETT), and the equi-volumetric
principle (EVP).
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1.1. Equiviscous Temperature

EVT is the temperature at which the viscosity of different binders is identical. Within
this range, the aggregate particles are fully coated with binder, and mixtures are workable
for hauling and compaction. For example, the Asphalt Institute [8] recommends that
mixing and compaction temperatures correspond to viscosity ranges of 170 & 20 mPa s
and 280 £ 30 mPa s, respectively, for conventional bitumen. Yildrim et al. [9] recommend
viscosities of 275 mPa s and 550 mPa s at a shear rate of 500 s™! to determine appropriate
mixing and compaction temperatures for polymer-modified binders. It should be noted
that the EVT is not limited to the viscosity test. For instance, Chen, et al. [10] evaluated the
workability of a loose asphalt mixture via a slump test, which is fundamentally developed
for cement concrete. The flow of the mixture in the test depends on the viscosity of the
binder. Therefore, the slump test lies within the EVT category.

The advantage of the EVT method is that the binder is fluid enough to coat the graded
aggregate, creating a mixture that is workable for the paving and compaction of the asphalt
layer. The disadvantage of the EVT method is that a viscometer, which can be costly for
laboratories, is required. Moreover, EVT sometimes shows insensitivity to different rates of
WMA additives [11,12]. To address this problem, a lubricity test was proposed to evaluate
the workability of the WMA [13].

1.2. Equi-Torque Temperature

In the ETT, the torque required to produce fully coated aggregate with a particular
binder is measured. A torque range is recommended to determine mixing and compaction
temperatures. For example, Wang et al. [14] suggested the ETT methodology as a convenient
and effective approach for determining the production temperatures of hot mix asphalt
(HMA) and WMA. In addition, Mogawer and Austerman [15], Gudimettla et al. [16,17], and
Marvillet and Bougault [18] investigated the torque required to blend aggregate materials
and asphalt binder as a criterion to analyze the workability of a mixture. The lower torque
means that the mixture is more workable. In this regard, Abdelgalil, et al. [19] developed a
workability measuring device using an electronic transducer and a temperature regulator.
The torque required to rotate three different pedals was measured via software specifically
developed to support the device.

The main advantage of the ETT is that the workability is evaluated based on mixing
graded aggregate, instead of the viscosity being measured in the binder, as in the case of the
EVT method. Since the aggregate particles are a fully casual phenomenon, the ETT is more
realistic. However, the ETT requires a more substantial set-up, and some components must
be temperature controlled, which is costly. Furthermore, it is not easy to relocate equipment
to a portable laboratory for paving projects in remote areas, due to its size and weight.

1.3. Equi-Volumetric Principles

In the EVP approach, workability is evaluated based on the identical volume of an
asphalt mixture sample. Therefore, a more workable mix is defined as the sample requiring
the least compaction effort to reach a specific thickness, density, air void content, or porosity,
and the method of compaction can vary. As an example, Yu et al. [20] conducted a laboratory
study on the workability of WMA containing crumbed rubber. The results showed that
the reduction in air voids as the indicator of relative workability depends on the WMA
additive type and the compaction method. In another study, Liu et al. [21] evaluated the
effect of preheating on the workability of HMA containing reclaimed asphalt pavement
(RAP) based on EVP.

Cabrera and Dixon [22] proposed a workability Index (WI) that was based on the cor-
relation between the mixture porosity and the associated compaction energy via a gyratory
compactor. Under the same field compaction effort, mixes with a higher WI are more work-
able [23]. A higher WI is associated with material that is easier to compact in the field. In
the European standard [24], one of the methods for measuring workability is based on the
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sample thickness during compaction, by means of a linear variable differential transformer
(LVDT), as a function of the corresponding number of blows by the Marshall hammer.

In addition, Faheem and Bahia [25] proposed two parameters to analyze the workabil-
ity of a mix based on the air void percentage of a mix as follows:

(1) The compaction energy index (CEI) is considered an indication of the work applied
by a roller to reach the target compaction degree during the construction phase. The
CEI can be employed as an indicator to measure the workability of the mixture.

(2) The traffic densification index (TDI) represents the energy required to densify the
mixture by traffic.

A lower CEl is desirable because of less energy required to compact the mix, while a
higher TDI is more desirable. A higher TDI means more energy was required to densify
the mixture after construction, which increases the rutting resistance of the mix during
service. The advantage of the EVP methodology is that the workability can be evaluated
for a specific thickness of the mix or target air void content and porosity. However, a
disadvantage of this method is that the calculation of CEI, TDI, and WI require a gyratory
compactor, which is costly and bulky for a portable laboratory in the field. Moreover, a
computer and data logging software are needed to record the density and porosity of the
mix after each compaction gyration.

1.4. Aim

A new user-friendly method for analyzing workability, which uses cost-effective
equipment, such as that used for traditional compaction testing in many laboratories, is
necessary. Since samples can be compacted by means of a Marshall hammer, without
requiring access to electricity; this methodology would be useful for paving projects in
remote areas and less-equipped laboratories. The energy requirement for compaction has
been given considerably less attention in the literature. Therefore, the objectives of this
study are described as follows:

e To propose a new criterion to measure the workability of a mix based on kinematic
energy and Newtonian mechanics via the Marshall method;

e  Toevaluate the effects of compaction-aid additives on the workability of mixtures using
the new criterion via an electric or manual Marshal hammer (without using electricity);

To compare the criterion to that of the workability indexes utilized in the literature;

To correlate the proposed criteria to the mechanical properties of an asphalt mix.

2. Materials and Methods
2.1. Asphalt Binder

Table 1 shows the rheological characteristics of PG 64-22 as a base asphalt binder. This
is referred to as the control asphalt.

Table 1. Basic and rheological properties of PG 64-22 binder.

Rheological Property Aging State Unit Value
Penetration@ 25 °C (0.1 mm) 88
Softening point unaged °C 46
Viscosity @ 135 °C mPa s 340
G*/sind @ 64 °C kPa 1.14
Viscosity @ 135 °C Short-term aged mPa s 580
G*/sin b @ 64 °C kPa 2.68
G*sind @25 °C MPa 2.68
m-value @ —18 °C Long-term aged - 1.50

Stiffness @ —18 °C MPa 277




Sustainability 2022, 14, 6550

40f18

2.2. Aggregate Gradation

Granite aggregate was sourced and blended to the mid-gradation of the Malaysian
Public Works Department (PWD) [26] specifications for the asphaltic concrete mixture
(surface course) with a nominal maximum aggregate size of 14 mm (AC14). Figure 1 shows
the particle size distribution of the aggregate.
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Figure 1. Aggregate gradation for asphalt mixture type.

2.3. Compaction-Aid Additive

One practical approach for increasing asphalt mixture workability is to use additives,
which decrease the binder viscosity. As an example, Sasobit®, a synthetic wax used in
current WMA production, was introduced as a compaction aid in Europe [27]. In this
research, Sasobit® was used as a compaction-aid additive, or asphalt flow improver. The
percentage of Sasobit® employed in the experiment ranged from 0% to 4%, at 2% increments
by mass of the binder.

2.4. Sample Preparation and Mixture Test

The same OBC (4.90%) was applied for all the samples. The aggregate and Sasobit-®
modified PG64-22 binder were blended at 160 °C, 145 °C, and 130 °C. The loose mix-
tures were conditioned at the compaction temperatures (10 °C lower than each mixing
temperature) for two hours.

The maximum theoretical density (Gmm) of the mixture was determined according to
ASTM D2041 [28]. The bulk specific gravity (Gmb) of the compacted samples was measured
based on ASTM D2626 [29]. The indirect tensile strength (ITS) of the compacted samples
was tested at 25 °C in accordance with the ASTM D 6931 procedure [30].

Table 2 shows the designation of mixtures that were produced at various temperatures
and compacted by the Marshall hammer and the gyratory compactor. In the table, S
represents the Sasobit® content from 0 (control) to 4%. W and H indicate WMA and HMA,
respectively. The values of 160 °C, 145 °C, and 130 °C are the mixing temperatures. For
example, W145S2 designates the WMA sample produced at 145 °C that contains Sasobit®
at 2% by mass of the binder. It should be noted that 3 samples were prepared for each test,
and the mean value of the test results was taken as a representative value of the test.



Sustainability 2022, 14, 6550

50f18

Table 2. Mixture specimens produced using the Marshall and gyratory method.

Construction Temperature

Mixture Construction Sasobit (%) ©C) Compaction

Designation ~ Technology Method
Mixing Compaction
H160S0 0
H160S2 HMA 2 160 150
H16054 4
W145S0 0
W145S2 2 145 135 Marshall
W14554 4
W130S0 0
W130S2 2 130 120
WMA
W13054 4
H160S0 0 160 150
W145S2 2 145 -
W14554 4 Gyratory
W130S2 2 130 120
W13054 4

All the samples produced at 160 °C were considered HMA. Although Sasobit® is not
commonly added to HMA, it was used as a compaction aid in this study. To characterize
the effect of Sasobit® on the trend of the proposed workability indicators, samples were
produced at 145 °C and 130 °C without Sasobit®, including W14550 and W130S0. Due to
the practical limit of asphalt mixture samples, some of the mixtures were not compacted
using the gyratory compactor. However, all mixtures were compacted using the Marshall
hammer (Table 2).

2.5. Proposed Workability Protocol Based on the Kinetic Compaction Energy

In the Marshall compaction method, a 4.54 kg weight is dropped from a height of
0.45 m (Figure 2). The compaction consists of varying the number of times that the weight
drops on the sample in the mold. The impacts, or momentum, due to the weight drop
compacts the specimen. Therefore, 75 drops, or blows, per side are often recommended.
The same number of drops is used for evaluating the wearing course of highways. The
density of the sample increases as the number of blows increases.

The proposed method is based on the law of conservation of energy in Newtonian
(classical) physics. Based on this law, the energy is neither created nor destroyed. It is
converted from one form into another form. Furthermore, the energy is the sum of the
potential energy and kinetic energy in a system (Equation (1)).

1
Er = Ep +Ex = Emv2 + mgh (1)

Er: total mechanical energy; Ep: potential energy; Ex: kinetic energy;
m: mass; v: speed of mass; h: height;
g: gravitational acceleration (9.80 m/s?).

To analyze the compaction effort using the law of conservation of energy, three distinct
phases can be adopted based on the position of weight.
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Figure 2. Schematic of the Marshall compaction setup.

2.5.1. Phase One

In this phase, the weight is motionless on top of the height (Figure 3a). Therefore, the
total mechanical energy is the same value of the Ep because the speed of the mass is zero.

Er = Ep = mgh @
Total mechanical energy in phase 1.

2.5.2. Phase Two

In phase two (Figure 3b), the weight falls and the potential energy is consecutively
converted into the kinetic energy (Equation (3)). The same amount of potential energy
decreases, and the same amount of kinetic energy increases, which results in balance in the
energy system.

1
Et = aEp + bEg = aiamv2 +bmgh 3)

a and b are coefficients that decrease the initial potential energy and increase the kinetic
energy.

2.5.3. Phase Three

In this phase, all the potential energy is converted into kinetic energy, or the maximum
kinetic energy is achieved (Figure 3c).

ET = EK = -mv (4)
Total mechanical energy in phase 3.
Since the amount of total energy is equal in all the phases, the speed of the weight can

be calculated from phases 1 and 3 using Equations (5) and (6).

ETPhase 1 ETPhase 3 (5)

mgh = %mv2 =v =+/2gh (6)
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In determining the compaction effort by the Marshall method, a weight is released
from a height of 0.45 m. Therefore, the speed of the weight is 2.96 m/s (/2 x 9.8 x 0.45). It
should be noted that the speed of the weight is dependent on its position (Equation (6)).

Er=Ep Ey = aEp + bE,

“ 50% 50%
100% J

«Ep «EK = Ep = EK

(2) Phase one (b) Phase two

Er=E;

0%

(1N

1005

“Ep +EK

(c) Phase three

Figure 3. Different phases of compaction in the Marshall procedure.

The energy of compaction was calculated based on the cumulative momentum gen-
erated by the fall of the weight. Where the weight touches the tamping face, the speed
of the weight would be zero, which imposes a large momentum on the specimen. This
momentum happens 75 times per side. Therefore, the total momentum that occurs during
compaction is expressed as follows:

Ec ZZZ // mvdv @)

i Vg

Ec: compaction energy (kJ); P: momentum (m?/s); i: number of initial compaction (0);
j: number of final compactions per side (in this study: 75; two sides: 150); Vy: initial speed
of mass (m/s); Vy: final speed of mass (m/s); m: weight (kg).
To characterize the effects of the cumulative compaction of energy, a kinetic densifying
index (KDI) is proposed. The KDI is the amount of densification achieved per unit of
t

cumulative compaction energy (1 ]). Therefore, the unit of KDI is (%). As a result, the



Sustainability 2022, 14, 6550

8 of 18

T2

KDl is dimensionally represented as 75,

respectively.

It should be noted that a higher KDI means that more densification per unit of com-
paction energy, or less compaction energy, is required to densify the mix. To calculate the
KD, Equation (8) is proposed.

where T and L represent the time and length,

KDI = vGrnb _ AGmb _ aGmb _ Gmbl: - Gmbi (8)
VEc  AE.  OEc Ec, — Ec,

1

Note : If E¢ — oo then G, — Gmm

where Gp,,. is the final bulk specific gravity, or the bulk specific gravity of the mix at the
last compaction effort (75th compaction effort per side in this study); Gpp, is the initial
bulk specific gravity of the mix at the first compaction effort, the cumulative compaction
energy pertinent to Gpp,., and the compaction energy pertinent to G, , Ecr, and Ec; are
the compaction energy corresponding to the final and initial blow/compaction effort.,
respectively.

KDI, which is proposed as a workability index in the Marshall method, is the gradient
of the bulk density of the mixture over the cumulative compaction energy. Another criterion
used to study the workability of the mix is the CEI, which is the area under the 8th gyration
and to 92% of the Gmm. The KDI and CEI are schematically illustrated in Figure 4. The
lower CEI means less work applied by a roller to reach the target compaction degree.
Therefore, the lower the CEI, the more workable the mix. It should be noted that a higher
KDI means more densification happens per 1 ] of compaction energy. As a result, a higher
KDI indicates a more workable mix, which is desirable. CEI of the asphalt mixtures were
calculated based on the density of asphalt mixes versus the number of gyrations during
the compaction of the samples using gyro-compactor (refer to Table 2). The details of the
calculation of CEI may be found in literature [25].

A A
aGmm
KDI, = 2 /

® 0,

;| ac'mm g

KDI, = = 4]

¢ 27 9E. ) &2

aGmm
KDI; = -
' OB, R
Compaction energy - Number of Gyration
(a) KDI (b) CEI

Note: if the function of Gmp is mathematically continuous, then KDIi=KDI>=KDI3
Figure 4. Concepts of KDI and CEI

Therefore, 5 series of asphalt mixtures were prepared to calculate the compaction
energy (Equation (7)) and determine the density (Figure 4a). The samples are shown in
Figure 5. To avoid the effect of heat loss in the compaction, each series was produced
separately for each mixture shown in Table 2. Therefore, a total of 135 samples were
prepared for the calculation of the KDI: 5 (series) x 3 (Sasobit® content) x 3 (mixing
temperature) x 3 (replication). The mean value of the three samples was the representative
result for each test.
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Figure 5. Series of samples prepared by means of a Marshal hammer to calculate KDI. Note: hy > hy
> h3 > h4 > h5.

A sample calculation of the kinetic compaction energy using the proposed methodol-
ogy (Equation (7) using Marshall method) is shown as follows:
For 15 blows,

Er= Ec=% mv? =2 % 15 x 1/2 % 4.54 x (2.96)*= (596.66)/1000 = 0.59666 kI

Speed of the weight.
2 sides of a sample
Weight in Marshall method
Number of blows or drops. for compaction (kg).

The same procedure is followed to calculate the compaction energy using 30, 45, 60,
and 75 blows. After calculation of the compaction energy of each series, the curve of the
cumulative compaction energy and density (Gmb) is plotted for each mixture in Table 2.
An ITS test was carried out on mixtures in each series to determine the effect of the KDI on
the mixture performance.

2.6. Hypotheses and Scope of Research

It was assumed that all the kinetic energy of the weight in the Marshall setup was
converted to compaction effort. However, there is energy loss due to friction between the
rim and the axis of the hammer. Further, the drag force that acts on the moving weight
was disregarded.

It was assumed that the speed of the weight becomes zero once it touches the plate of
compaction on top of the sample. The place of the mold was fixed; therefore, the lateral
movement was disregarded. The efficiency of the proposed method was compared with
the CEI estimated via the gyratory compactor. It should be noted that the effect of any
additive type, aggregate gradation, and binder type may vary the results of the proposed
method, which is outside the scope of this study. Figure 6 illustrates the flowchart of the
experimental design and analysis.



Sustainability 2022, 14, 6550

10 0of 18

Preparation of Sasobit®-
modified binders

I

Preparation of Sasobit®-modified mixtures
(0%, 2%, and 4%)

) |

Compaction of the loose mux by
gyratory machine and calculation of

Gy test for all the
muxtures samples

Sample preparation for ITS
test using Marshall Hammer

Compaction of the loose mix
by a Marshall Hammer to

calculate KDI through 15 to CEI

75 blows per each side

|
v

| Gy and ITS test |7

v

Analysis of correlation between KDI
and CEI

¥
Analysis of correction /ED
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Figure 6. Flowchart to illustrate the experimental design process.

3. Results and Discussion
3.1. Correlation between KDI and Density

Figures 7 and 8 show the trend of Gmb and the percentage of air void versus com-
paction energy at various mixing temperatures, respectively. The Gmb necessarily in-
creases and the air void percentage decreases as the compaction energy increases, due
to mixture densification. To characterize the effect of compaction energy on the density,
Equations (9)—(11) were proposed. It can be seen that Gmb increases linearly in all the
mixes. Therefore, the mix type has no effect on the trend of Gmb. Both mixes (the control
and Sasobit®-modified mixtures) show almost identical behavior under the compaction
effort. However, the amount of densification achieved per unit of compaction energy (1 kJ)

t
is different, which is characterized via KDI (‘ﬁif).

It is noted that the linear trend can change to another trend, depending on the aggre-
gate gradation/type, binder type, binder content, filler type, binder modifier, compaction
temperature, and construction technology.

Since Equations (9)-(11) are mathematically continuous linear functions, the gradient
of Gmb per unit of compaction energy can be estimated as the slope of the equation.
Therefore, the KDI of any mixture is equal to the slope of the equations obtained from
Figure 7.

0.055E¢c +2.24 RZ2=0.94 0 (Control)

Gmb = 0.0585Ec +2.25 R%=0.80 2% Sasobit T =160 °C )
0.057Ec +2.25 RZ2=0.84 4% Sasobit
0.38Ec +2.25 R%=0.63 0 (Control)

Gpp = { 0.054Ec +2.24 R2=0.75 2% Sasobit T =145°C (10)
0.058E¢c +2.22 RZ=0.63 4% Sasobit
0.027E¢ + 2.08 R% =0.96 0 (Control)

Gpp = { 0.044Ec +2.24 RZ2=0.76 2% Sasobit T =130°C (11)
0.042Ec +2.24 RZ=0.78 4% Sasobit
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Figure 7. Compaction energy and density at different mixing temperatures.
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The effect of the Sasobit® and construction temperature on the KDI of the different
mixtures is shown in Figure 9. For example, the maximum values of KDI belong to mixtures
produced at 160 °C, which means that the achieved densification per unit of compaction
energy was 5.5, 5.8, and 5.7 for HMA samples containing 0, 2%, and 4% Sasobit®, respec-
tively, as shown in Figure 9a. In other words, adding 2% Sasobit®, from 2% to 4%, increases
the densification per unit of compaction energy by approximately 6%, which indicates that
the interaction between the higher mixing temperature and the compaction-aiding role of
Sasobit® may result in a higher density per unit of compaction energy.
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Figure 9. KDI of the mixtures.

It should be noted that the difference between the KDI of mixtures increases as the
temperature decreases. For example, Figure 9b shows that the KDI of WMA containing
2% and 4% Sasobit® are 42% and 53% higher, respectively, than the sample containing no
Sasobit® and produced at 145 °C. Although the density per unit of compaction energy
decreases at the higher viscosity, Sasobit® decreases the binder viscosity, which results
in more density during compaction. For instance, the KDI of WMA produced at 145 °C
and containing 2% and 4% Sasobit® are very close to the KDI of HMA produced at 160 °C
(Figure 9a). A comparison of Figure 9b,c reveals that the rate of the change of density per
unit of compaction energy, the slope of the equation or KDI, of samples at 145 °C decreased
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from 5.4 and 5.8 to 4.4 to 4.2 at 130 °C. A 15 °C reduction in mixing temperature decreases
the KDI by 19% to 28%, which means that the unit energy for densifying the mixtures
increases by approximately 20%. The role of Sasobit® to improve the densification of a
mixture is underscored at the lower construction temperatures. As a result, the KDI is
an appropriate indicator of relative workability for HMA and WMA produced using the
Marshall hammer.

As shown in Figure 9¢, the KDI of the mixture containing 4% Sasobit® and mixed at
130 °C is lower than that of the mixture containing 2%. In contrast, Figure 9b shows that
the higher Sasobit® content increases the KDI at 145 °C. The reason is that the viscosity
of binder at 130 °C is less than that at 145 °C and 160 °C. In addition, the samples mixed
at 130 °C, which compacted at 120 °C (Table 2), lose heat energy during the compaction
process. Once the sample temperature drops to lower than 120 °C, which is near the
congealing and melting point of Sasobit® [3,31], a lattice structure in the asphalt binder is
formed, which increases the binder viscosity [5,32], hence producing a stiffer mixture for
compaction. Therefore, the higher Sasobit® content at the low compaction temperature
may result in lower workability. It should be noted that the rheological properties of the
base binder have a key role in choosing the optimum Sasobit® content, which explains why
1.5% to 3% Sasobit® is recommended by the literature [33-35] for the production of WMA.

Table 3 ranks the workability of the mixtures in terms of the KDI. The workability
of the mixtures decreases from top to bottom. It can be seen that the most workable
mix is H160S2, while the minimum workability is achieved for W130S0. Reducing the
mixing temperature, without adding Sasobit®, dramatically decreased the workability of
the mixture, resulting in a higher air void content.

Table 3. Ranking of mixtures according to workability based on KDI.

Mixture Ranking KDI ('ﬁi;)
H160S2 1 5.85
W14554 2 5.80
H16054 3 5.70
H160S0 4 5.50
W14552 5 5.40
W130S2 6 440
W13054 7 4.20
W14550 8 3.80
W130S0 9 2.20

3.2. Comparison between KDI and CEI

Figure 10 shows the results for the CEI compared with the KDI for the mixtures.
Adding Sasobit® decreased the CEI at each mixing temperature, which means that Sasobit®
reduced the work applied to reach compaction of 92% Gmm. Therefore, the lower CEI
is more desirable in terms of workability. As shown in Figure 10, the CEI of mixtures
produced at 145 °C was less than those produced at 130 °C. For example, the CEI of
W14554 is 22% less than for W130S4. W14554 required 22% less work to reach 92% of
the maximum theoretical density (Gmm), compared to that required for W14554. This
improvement can be attributed to the higher mixing temperature that resulted in a lower
binder viscosity, and hence, a more workable mix.
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Figure 10. Comparison between CEI and KDI.

Although a lower CEI is desirable, a higher KDI shows more workability. Because a
higher Sasobit® content results in less work required to achieve compaction, or to lower
the CEI, it increases the potential of densification of a mixture due to the lower viscosity of
the binder. As a result, the lower CEI leads to the higher KDI, and vice versa. Thus, there is
an inverse relationship between CEI and KDL

In comparison, the numerical values show that the CEI is approximately 16 times
that of the KDI in this study, which is a rough estimation. Therefore, the KDI can be
estimated via CEI values. However, the ratio of the CEI to the KDI, or vice versa, may
change, depending on the binder type, compaction-aid agent, aggregate gradation/type,
OBC, binder type, filler type, and construction temperature.

It is noted that the mechanism of compaction to calculate the CEI and KDI is funda-
mentally different. The gyratory machine compacts by kneading the loose mix, while the
Marshall hammer compacts the samples via the cumulative momentum due to the transi-
tion of potential energy to kinematic energy as the hammer impacts the sample (Figure 3
and Equations (1)-(7)). Although the mechanism and concepts vary, the outputs of the
analysis of workability are comparable. For example, the most workable mix in terms of
the CEI is W14554, which is the same mix ranked the most workable in terms of the KDI.
Table 4 shows the results of ranking the mixtures based on the CEI and KDL

Table 4. Comparison of ranking of mixtures according to workability based on CEI and KDI.

CEI KDI
Mixture
Ranking Values Ranking Values
W14554 1 64 1 5.80
W14552 2 63.80 2 5.40
W130S2 3 79.66 3 4.40
W13054 4 81.35 4 4.20

3.3. Effect of KDI on ITS

Since the KDI is proposed as an indicator of the mix compaction and workability,
the following questions are raised: What is the correlation between the KDI and the
engineering properties of a mixture? Which independent variables, such as Sasobit® and
mixing temperature, affect this correlation. To address these questions, the correlation
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between the KDI and the ITS as an engineering property of a mixture is evaluated. Figure 11
shows the correlation between the KDI and the ITS of the mixtures. It can be seen that the
ITS generally rises while the KDI increases because a higher KDI means a greater density,
which leads to a higher cracking in the mix. A higher densification per unit of compaction
energy leads to a higher mechanical stability in terms of the ITS. The higher density due to
the effect of Sasobit® and its effect on the ITS can be clearly explained by the KDI.
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Figure 11. Correlation between ITS and KDI.

Tt
As shown in Figure 10, the unit increase in KDI, 1 'ﬁ—?, yields a greater ITS at a lower
t

mixing temperature. For example, an increase in 1 rﬁ—? during compaction efforts results in
0.24 MPa in mixtures produced at 160 °C, while the corresponding values are 0.95 MPa
and 1.01 MPa at 130 °C and 145 °C, respectively. Sasobit® decreases the binder viscosity,
which results in more densification (Figure 7) and better workability. Note that the Sasobit®
content is another variable that improves the KDI at all mixing temperatures. A greater
densification, or interlocking, can be achieved via a larger addition of Sasobit®, as shown in
Figure 8 (samples mixed at 130 °C were an exception in this study). Sasobit® compensates
for the effect of reduced mixing temperatures. In addition, the lower mixing temperature
may decrease asphalt aging, which results in a lower ITS. However, a lattice network
formed due to the presence of Sasobit® in the binder compensates for the lower stiffness of
the binder because of the lower temperature-related production aging.

It should be noted that, although KDI is not an engineering property of the asphalt
concrete, the correlation between Sasobit® as a compaction aid, or as a WMA additive,
and the KDI can be useful for characterizing the workability of a mixture. Moreover, the
correlation between the KDI and the other engineering properties of asphalt concrete, such
as moisture sensitivity, dynamic modulus, rutting, and fatigue, can be explored in future
research.

4. Conclusions

The following conclusions are drawn in accordance with the engineering properties of
the Sasobit® modified mixtures tested for this study:

e A simple methodology was proposed to measure the workability of mixtures, in-
corporating various Sasobit® contents, using basic Newtonian mechanics or classic
kinematic laws based on the energy conservation theory. The KD], in accordance with
the EVP-based indicator, was defined to characterize the effects of temperature and
Sasobit® on the workability of asphalt mixtures. The indicator was applied to assess
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the densification of the mix per unit of compaction energy. The results of the analyses
t t

demonstrated that the KDI varies from 2.20 '12:; to 5.86 '12:;, depending on the Sasobit®
content and mixing temperature.

e In addition, the results showed that there is a reverse relationship between the KDI
and the CEI, i.e., CEI is equal to 16 times the KD], in a rough estimation. This ratio
may change for various binder types, aggregate types, and gradation. However, the
ranking of the mixtures in terms of workability was identical, irrespective of the
compaction method.

e  The results demonstrated that the ITS increases proportionally as the KDI increases,
due to the higher density and interlocking because of the temperature and the addition
of Sasobit®.

e  The KDI is an indicator that can link the engineering property of mixtures in terms
of ITS and the compaction energy using the Marshall method. This parameter can be
utilized as a supplementary indicator to compare the workability of mixtures in the
construction phase of pavement without requiring a complex set-up and electricity in
a laboratory, which is difficult for worksites located in a remote area, without access to
equipment such as gyratory compactor, a computer, and data logger software.

Suggestions for Further Research

It is recommended to evaluate the effects of various WMA types, aggregate type/
gradation, binder type, filler type, and waste materials on the KDI. It is also recommended
to evaluate the correlation between the KDI and other workability parameters using various
mixture types.
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