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Abstract: Recently, interest in the use of projectiles in research on recycling waste materials for con-
struction applications has grown. Using recycled materials for the construction of asphalt concrete
pavement, in the meantime, has become a topic of research due to its significant benefits, such as
cost savings and reduced environmental impacts. This study reports on comprehensive experi-
mental research conducted using a typical mechanical milling waste, iron filing waste (IFW), as an
alternative fine aggregate for warm mix asphalt (WMA) for pavement wearing surface applications.
A type of IFW from a local machine workshop was used to replace the conventional fine aggregate,
fine natural sand (FNS), at percentages of 25%, 50% 75%, and 100% by the weight of FNS of the size
passing sieve No. 50. Experimental tests were conducted on the mixes to compare their Marshall
properties, resilient moduli, rutting and fatigue resistance, and moisture susceptibility. Finally, a
performance analysis was carried out using the VESYS 5W software on the constructed pavement
using the IFW mixes. Both the experiment and the modeling work demonstrated that IFW can be
an effective alternative resource for replacing natural fine aggregate in WMA concrete and provided
details on the optimum rate based on the comprehensive data obtained first hand.

Keywords: warm mix asphalt; iron filings waste; fine natural sand; rutting; fatigue

1. Introduction

Over the past few decades, waste generated by human beings has become a serious
global issue facing sustainable development. The progressively growing volume of waste
has led to the use of natural areas for landfill, causing huge impacts on the environment
and ecosystem [1]. Only the implementation of a circular economy will be able to achieve
environmental and economic sustainability. Innovations regarding the recycling and re-
use of wastes can help to not only preserve valuable natural resources but can also reduce
the costs of disposal and environmental pollution [2].

Pavement construction is a sector that consumes a large amount of natural resources.
Asphalt concrete, a vital material used for flexible pavement, is used in 95% of all con-
structed roads and highways around the world [3]. Aggregates typically make up nearly
95% of the total weight of asphalt concrete. Their quality affects the properties of concrete
mixes and the performance of the constructed pavement. The high demand for aggregates
has led to a considerable global depletion of natural resources and consequently has
caused an issue regarding their sustainable supply [4]. Thus far, great efforts have been
made to use recycled wastes as alternative aggregates for producing asphalt concrete.
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These wastes include crushed glass, recycled aggregate from demolished concrete, dis-
carded ceramics, and steel slag [5-16].

Local workshops and factories produce a considerable amount of iron filing waste
(IFW) across the world. Due to its excellent durability and high strength, IFW has been
used in many civil engineering applications, such as concrete manufacturing, soil stabili-
zation, and asphalt pavement repair for microcracks [17-20]. IFW powder has also been
used as a filler replacement in hot mix asphalt (HMA). Arabani and Mirabdolazimi [21]
reported on the use of iron powder with a maximum size of 2.36 mm at a of 12% content
in HMA to enhance the dynamic properties of the mix and the mechanical behavior of the
constructed pavement. Jendia and Tabash [22] found that HMA, containing 5% iron waste
used as both a filler and fine aggregate caused a nearly 23% improvement in the stability
of binder layer application. Gallego et al. [5], who studied the effect of the use of different
HMA additives on susceptibility to microwave heating, found that iron filings of 0.063—
0.25 mm and at two contents (0.2% and 0.4%) of total mix weight showed no impact on
the heating process of mixtures. However, Franesqui et al. [19], who studied the self-heal-
ing of surface cracks of HMA under microwave heating, noticed that mixes containing
additional iron filings with a particle size in the range of 1-2 mm showed a longer service
life and lower cost given the self-healing of microwave-heated cracks. Al Akhrass [23],
who studied the self-healing properties of asphalt mix for a wearing layer application,
used IFW to partially replace fine aggregate with a particle size less than 4.75 mm at rates
of 0, 2.5, 5, 7.5, and 10% and found that IFW increased the thermal conductivity of mixes
and helped to improve the self-healing properties. In particular, the mix with a 7.5% IFW
replacement rate showed the best crack-healing ability. Another study by Khilafat and
Msallam [24] recommended that IFW should not be used for pavement after studying the
use of 5% IFW as a filler in HMA. However, the study by Mohammed [25], which com-
pared the HMA using IFW as a mineral filler at rates 25%, 50%, 75%, and 100% by weight,
showed that a 50% mineral filler replacement using IFW generated an optimal improve-
ment in stability (by 24%) and flowability (by 18%). Another study by Eisa [26] also no-
ticed that using IFW to replace the limestone dust filler improved the Marshall properties
of the HMA mix for surface layer application; the optimal replacement rate was obtained
at a level of 25% replacement by weight.

Fine aggregate plays a main role in the mechanical properties of asphalt concrete and
consumes a large amount of natural sand, which is traditionally the major resource used.
Ahlrich [27] studied the effect of the physical properties of fine aggregate (such as its tex-
ture, angularity, and particle shape) on asphalt concrete subjected to aircraft landing. It
was found that the use of natural sand up to 20% of the total weight of aggregate increased
the potential degree of rutting. Another study by Zaniewski and Srinivasan [28] showed
that a mix created using natural sand as a fine aggregate smaller than 4.75 mm at a volume
of 40% by total weight decreased the rutting resistance of the mix compared with a mix
created using no natural sand. Albayati and Abdulsattar [29] studied asphalt mixtures
created using two types of natural sand—i.e., river and desert sand —at different contents
and found that the use of natural sand had negative effects on the Marshall properties,
durability, and permanent deformation of the asphalt concrete compared with a mix cre-
ated using crushed sand. These findings encouraged researchers to find a better alterna-
tive fine aggregate material as a replacement for natural sand to improve the mechanical
properties of asphalt concrete. Thus far, few studies have reported the sole use of IFW as
areplacement for fine sand aggregate in asphalt concrete. To fill this gap, this work reports
a comprehensive study on the mechanical properties and durability of warm mix asphalt
(WMA) concrete created using IFW as a replacement for original fine natural sand (FNS)
in a mixture for wearing layer application.

2. Materials

The raw materials used in the experimental work were all locally available and used
for pavement construction in the region of Baghdad city.
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2.1. Asphalt Cement

The asphalt cement was obtained from Doura refinery in the southwest of Baghdad.
It was tested to determine its the grade requirement for superpave performance. Table 1
shows the results and the specifications. It can be clearly seen that the performance grade
can be taken as PG64-16, while the m-value for PAV age was calculated as 0.38.

Table 1. Experimental results and specification limits for asphalt cement.

. Temperature Specification
Binder Property Measurement oC AASHTO M320-05
Flash Point (°C) 298 - 230 °C, min.
Viscosity at 135 °C (Pa-s) 0.487 - 3 Pa-s, max.
Original 3.3522 58
DSR, G/sind at 10 rad/s (kPa) 2.020 64 1.00 kPa, min.
0.889 70
Mass Loss (%) 0.654 - 1%, max.
4.1596 58
RTFO Aged DSR, G/sind at 10 rad/s (kPa) 3.1483 64 2.2 kPa, min.
1.9809 70
PAV Aged DSR, G.sind at 10 rad/s (kPa) ;LZ% ;? 5000 kPa, max.
BBR, Creep Stiffness (MPa) 134.0 -16 300, max.

2.2. Fine and Coarse Aggregates

The fine and coarse aggregates were obtained from Al-Nibaie quarry in the north of
Baghdad. Lab tests were conducted to obtain the physical properties of the aggregates.
The results are listed in Table 2. All the data satisfy the relevant specifications. Asphalt
concrete mixture was prepared for wearing layer application according to the aggregate
gradation of Iraqi SCRB/R9 (“State Corporation for Roads and Bridges”) [30], as illustrated
in Figure 1. The proportion of fine and coarse aggregates is 60% and 40%, respectively.

Table 2. Coarse and fine aggregates: physical properties.

Property ASTM Design  Test Outcomes  Specification of SCRB [30]
Coarse Aggregate

Apparent Specific Gravity 2.636 -

Bulk Specific Gravity C-127 2.632 -

Water Absorption (%) 0.261 -
Soundness (sodium sulfate solution loss) (%) C-88 4.3 12 max.
Percent Wear (Los Angeles abrasion) (%) C-131 18 30 max.
Flat and Elongated (5:1) (%) D4791 4 10 max.
Fractured Pieces (%) D5821 97 90 min.

Fine Aggregate

Apparent Specific Gravity 2.622 -

Bulk Specific Gravity C-128 2.561 -

Water Absorption (%) 0.809 -
Clay Lump and Friable Particles (%) C-142 1.2 3 max.

Sand Equivalent (%) D2419 59 45 min.
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Figure 1. Aggregate grading for wearing layer.

2.3. Mineral Filler

Limestone dust was used as a conventional filler. It was manufactured by grinding
limestone in a local lime plant located in the southeast of Iraq. Table 3 gives the chemical
composition as well as physical properties of the limestone material.

Table 3. Mineral filler’s chemical composition and physical properties.

Chemical Composition (%)

L.O.I SOs Fe203 MgO AlOs SiO:2 CaO
37 0.12 1 16 6 10 29
Physical Properties
Specific Gravity Surface Area * (m¥kg)  Passing Sieve No. 200 (0.075) (%)
2.84 247 95

* Blain air permeability technique (ASTM C204).

2.4. Iron Filing Waste (IFW)

The IFW used for the study was collected from iron milling residual left in a local
blacksmith workshop in Baghdad city. The IFW was sieved to a particle size between 0.075
(sieve No. 200) and 0.3 mm (sieve No. 50) and then used as a partial replacement for the
ENS at four different rates—i.e., 25, 50, 75, and 100%. Figure 2 shows the IFW and FNS.

Figure 2. The iron filings and FNS.
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2.5. Warm Asphalt Mixture Additive

Aspha-min powder was used as an additive. This powder is composed of hydrother-
mally crystallized sodium aluminosilicate containing nearly 21% water by weight. Table
4 gives its chemical composition and physical properties.

Table 4. Physical properties and chemical composition of aspha-min additive.

Chemical Composition (%)

SiO:z 32.8
AlOs 29.1
Na20 16.1

L.O. 21.2

Physical Properties
Specific Gravity 2.03
Odor Odorless
Color White

3. Specimen Preparation

In total, five asphalt concrete mixes were made using the IFW at replacement rates of
0, 25, 50, 75, and 100%. The optimum asphalt content (O.A.C.) used for each mix was de-
termined following the design technique of the Marshall test (ASTM D6926)[31]. The
O.A.C. decided on was thereafter adopted for the creation of all the specimens used for
the experimental tests.

When making the specimens, the prepared aggregates were first mixed in a bowl
with mineral filler. Thereafter, the mixtures were heated for 6 h at a temperature of 120
°C. In the meantime, asphalt cement was heated separately for 2 h under a controlled
temperature of 155 °C to achieve a viscosity of 170 c.St. Figure 3 shows the linear relation-
ship between temperature and viscosity. Following the heating, the aspha-min additive
was added to the heated aggregate mixtures at 0.3% by weight and blended for 30 s. Fi-
nally, the O.A.C. for asphalt cement was added to each mixture. The mixtures were thor-
oughly blended in a container for two minutes at a temperature of 125 °C, which was 30
°C lower than the HMA temperature of 155 °C. Thereafter, these mixtures were placed
back into an oven for another 10 min under a controlled temperature of 115 °C. After 10
min, the mixes were cast into molds and compacted to create the specimens for testing.
Three types of molds were used. The first was cylindrical with a diameter of 101.6 mm
and height of 76.2 mm and was used for the specimens created for the Marshall test and
indirect splitting tensile test. The second was also cylindrical and of the same diameter
but had a 254 mm height; this mold was used for the specimens created for the resilient
modulus test as well as the permanent deformation test. The last mold was a prism box
with the dimensions 76 mm width x 76 mm depth x 381 mm length; this mold was used
for the specimens created for the fatigue test.
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Figure 3. Viscosity—temperature chart of PG 64-16.

4. Experiments
4.1. Marshall Test

The Marshall test was conducted following the ASTMD6926 [31] standard to deter-
mine the O.A.C. A total of 5 different asphalt contents were added to each of the designed
aggregate and additive mixtures, which were mixed according to the methods specified
in Section 3 above. The prepared mixes were then loaded into the molds and compacted
up to 75 times at both ends of the molds using a Marshall compactor to produce the test
specimens. The O.A.C. was determined in terms of the average of the three asphalt cement
contents corresponding to maximum stability, maximum unit weight, and 4% air voids,
respectively [32].

4.2. Mechanical Property Tests
4.2.1. Resilient Modulus

The resilient modulus (Mr) was tested using cylindrical specimens with a diameter
of 101.6 mm and height of 203.2 mm. The specimens were produced using a method that
was previously described (Albayati 2006 [33]). A repetitive compressive load was applied
in the axial direction using a pneumatic system. At a frequency of 1 Hz, the load was 137.9
kPa (20 psi) for 0.1 s and none for the remaining 0.9 s in each cycle. The temperature was
controlled at 20 °C. The Mr was calculated in terms of the definition given below:

(4

ra/h )

Mr =

where o is the axial compressive stress, 74 is the axial resilient deflection determined by
utilizing LVDT at 50-100 load repetitions (linear variable differential transformer), and h
is the height of the specimen.

4.2.2. Permanent Deformation

The permanent deformation was evaluated using similar tests for the resilient mod-
ulus. The specimens, however, were subjected to repeated cyclic loading until they either
collapsed or reached the maximum of 10,000 repetitions. The temperature was maintained
at 40 °C in the test.
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4.3. Durability Tests
4.3.1. Moisture Susceptibility

The moisture susceptibility of all mixes was assessed according to the standard
ASTM-D-4867 [34]. Six cylindrical specimens were prepared for each mix. They were
made by Marshall compaction with 51-64 blows on each side, leaving them with a tar-
geted AV in the range of 6-8%. The final specimens had a diameter of 101.6 mm and a
height of 63 mm. The six specimens were split into two groups of three. One of the groups
was tested under room temperature (25 °C) conditions and termed “unconditioned spec-
imens”. The other group, known as conditioned specimens, was placed into a bottle filled
with water under the same temperature (25 °C). The bottle was then vacuumed under a
suction of 70 kPa or 525 mm Hg for 5 min to cause the specimens in it to achieve a 55-80%
degree of water saturation. After that, the specimens were instantly exposed to freezing
and thawing cycles by firstly subjecting them to a temperature of -18 + 2 °C for 16 h and
then immediately moving them to a temperature of 60 + 1 °C for another 24 h. Thereafter,
all the specimens in the two groups were tested at room temperature (25 °C) to determine
their indirect tensile strength (ITS) and tensile strength ratio (TSR) in terms of the defini-
tion below:

2P

ITS = hd 2
TSR = ITSc 3)
ITSuc

where P is the splitting load, / is the cylindrical specimen’s height, and d is the diameter.
ITSc and ITSuc stand for the conditioned and unconditioned indirect tensile strength, re-
spectively.

4.3.2. Flexural Fatigue

The prism beam specimens with dimensions of W x D x L =76 mm x 76 mm x 381
mm were tested to determine the material fatigue life using the three-point bending test
under a controlled temperature of 20 °C. A repetitive load was applied at a frequency of
2 Hz using a pneumatic system. In each cycle, the load was applied for 0.1 s followed by
resting for 0.4 s. At the 50th load repetition, the vertical central deflection of the beam was
recorded as a pseudo initial value. Lastly, the total number of load repetitions for each
specimen until failure was also recorded. A total of six different load magnitudes were
evaluated to determine the relationship between the maximum repetitive load number
and the pseudo initial tensile strain at the bottom of the middle position of the span. The
initial tensile stain was determined at a number of 50-100 load repetitions according to
Equation (4):

12h A
312 —4qa2 @
where & is the initial tensile strain, / is the beam height, A is the recorded flexural defor-
mation at the middle position between two supports, L is length of the beam, and a is the
distance between load to the support (over three beam lengths).

&=

5. Results and Discussion
5.1. Scanning Electron Microscope Analysis

The exterior morphology (texture) and crystalline structure of the IFW and FNS were
compared using scanning electron microscope (SEM) analysis at two magnification lev-
els—i.e.,, 0.5 kx and 5 kx. The results are shown in Figure 4. Comparing Figure 4a,b, it can
be clearly seen that the FNS particles have even sizes and angular shapes, while the IFW
particles have large variations in their size and a lamellar shape. Comparing Figure 4c,d,
it can be seen that the crystal grains of the FNS are generally smaller and have flat and
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slender shapes with sharp corners. However, most of the IFW grains are much larger, with
a characteristic size of about (0.5 x 0.2) mm and a flat lamellar shape with a thickness of
less than 0.05 mm. The dimensions of the plates are about the same, since they were cre-
ated by shredding metal foil.

00x [11.9mm

(0) (d)
Figure 4. SEM images of the FNS and IFW. (a) FNS, 0.5 kx, (b) IFW, 0.5 kx, (c) FNS, 5 kx, (d) IFW, 5 kx.

5.2. Marshall Properties

Figure 5 compares the Marshall test results for specimens created with different as-
phalt contents (ACs) and iron filing replacement rates. All the ACs fall in the range of the
requirement limits specified in the SCRB. The results given in Figure 5a,c,d were used to
determine the optimum asphalt contents (O.A.C.), which is the average value of the three
AC:s for the highest stability, highest bulk density, and 4% air voids (a median value spec-
ified [30]). It can be seen that when the IFW replacement increases from 0 to 50%, the
Marshall properties display a considerable change; however, beyond a value of 50%, the
influence on the Marshall properties reduces.
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Figure 5. Marshall properties. (a) Stability, (b) Flow, (c) Unit weight, (d) Air voids, (e) Voids in mineral aggregate.

Table 5 lists the O.A.C. values for all five mixes investigated and their corresponding
Marshall properties. It shows that the O.A.C. decreased from 5% for the control mix (0%
IFW) to 3.8% for the 100% IFW mix. The O.A.C. stability increased from 9.5 kN for the
control mix (CM) to the maximum value of 11.3 kN at a 50% IFW replacement rate. There-
after, it started to drop gradually between the two IFW replacement rates of 75% and
100%. This result is in agreement with the work of Jendia and Tabash, who suggested an
optimal IFW range of between 25 and 50% [18]. The increase in Marshall stability below a
50% IFW replacement rate is probably due to the high stiffness of the IFW particles and
because of their smaller sizes, meaning that they tend to fill voids more effectively. How-
ever, it can be noticed that the increase in the IFW content did not have a significant effect
on the air voids and or cause a decrease in the Marshall stability; this could be attributed
to the amount of IFW, which is approximately unique-size fine materials unlike the FNS,



Sustainability 2021, 13, 13828

10 of 17

as shown in the SEM images in Figure 4. The use of a higher replacement rate of FNS
when using IFW will cause a reduction in the fine particle size variation and result in a
decrease in the Marshall stability. Both the O.A.C. air voids (AV) and O.A.C. flow de-
creased with the increase in the IFW replacement rate, but all the AV values satisfied the
specification range of 3-5%. The decrease in the AV and flow with the increase in the use
of IFW can be explained to be due to the smoothness of iron filings. A low AV content
may cause rutting, bleeding, and a loss of stability in asphalt concrete. The O.A.C. bulk
density increased with the IFW content because of the higher density of IFW compared to
the replaced natural sand [35,36].

Table 5. O.A.C. with IFW percentages.

IFW O.A.C.  Stability Flow Air voids VMA Bulk Density
(%) (%) (kN) (mm) (%) (%) (gm/cm?3)

0 5 9.5 3.5 4.10 14.7 2.320

25 4.62 10.8 3.3 4.05 14.8 2.340

50 4.6 11.3 3.1 3.80 15.0 2.360

75 4.17 9.5 2.75 3.80 154 2.365
100 3.8 8.8 2.65 3.70 15.6 2.375

Specification Limits [23] 3-6 8 min. 2-4 3-5 14 min. Not Limited

5.3. Resilient Modulus (Mr)

Table 6 lists the Mr measurements obtained. It shows that the addition of IFW im-
proves the Mr of the WMA concrete. The mixture made using IFW at a 50% replacement
of FNS showed the optimal result, generating a 15.5% increase in Mr compared to the
control mix.

Table 6. Resilient modulus results.

IFW Content, % 0 25 50 75 100
Resilient Modulus, MPa 2198 2309 2539 2509 2488

5.4. Permanent Deformation

Figure 6 shows the result of the permanent deformation test. It plots the measured
permanent micro-strain against the cyclic axial loading applied to the cylindrical speci-
mens until they failed. The plot is represented in the log-log scale [37], in which the rela-
tionship between the permanent deformation and the number of loading cycles presents
a linear trend, and the two parameters—i.e., the intercept and slope —indicate the rutting
resistance of the specimens. The smaller the two values are, the better the mixture rutting
resistance will be. Additionally, the values of the two parameters obtained from Figure 6
are listed in Table 7. The result shows that the increase in IFW content caused a decrease
in the rutting potential of the warm mix asphalt. This can mainly be attributed to the lower
densification potential of the mixtures as the IFW increased because of the trend in air
voids shown in Figure 5 and Table 5. The fewer air voids there are, the less densification
occurs due to the load applied.
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Table 7. Permanent deformation parameters.

IFW Content (%) 0 25 50 75 100
Intercept 193 159 269 165 117
Slope 0.474 0.4351 0.3476 0.3287 0.2969

5.5. Durability Assessment
5.5.1. Moisture Susceptibility

Figure 7 compares the splitting tensile strength of conditioned and unconditioned
specimens. One of the most remarkable points is that all WMA with an IFW addition pre-
sented a continuous improvement in indirect tensile strength (ITS) under dry conditions.
The ITS value of the WMA modified with levels of 25%, 50%, 75%, and 100% IFW was
increased by 9.5%, 24.2%, 28.4%, and 33.7%, respectively, compared with the control
WMA. Furthermore, an interesting finding can be observed in that the TSR increased
when the use rate of IFW rose. Consequently, the TSR values of the updated WMA with
levels of 25%, 50%, 75%, and 100% IFW compared with the control WMA increased by
6.4%, 9%, 11.5%, and 12.8%, respectively. The use of 100% IFW achieved the greatest in-
crease in the resistance to moisture in all the asphalt mixes. This may be because IFW
contains small particles that have filled certain pores of asphalt specimens or prevented
the penetration of water. On the other hand, the improvement in the TSR may be at-
tributed to the hydrophobicity of steel fibers and the lack of water absorption. However,
generally it may be observed that WMA blends with the addition of IFW were more effi-
cient in terms of stripping resistance, while the control mixture containing 0% IFW
showed an insufficient stripping resistance because the TSR was less than the minimum
criterion of 80%. The laminar shape of the IFW described in Figure 4d caused the crack
failure envelope, which resulted from the load applied across the diametrical plane of the
specimen, to be longer than that of the FNS asphalt mixture samples with an angular par-
ticle geometry, and this resulted in the higher tensile strength ratio values shown in Figure
7 for all the replacement rates.
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Figure 7. Results of the indirect tensile test.

5.5.2. Flexural Fatigue

Figure 8 shows the fatigue test result. The relationship between the service life (the
maximum number of load repetitions before failure) of all mixes and the initial tensile
strain (determined by Equation (4)) showed a linear correlation in the log-log scale. The
two parameters—i.e., the interception ki and the slope ka—reflected the fatigue properties
of these mixes. The lower the ki was, the higher the capacity of the materials to resist the
bending deformation was. On the other hand, the lower the k2 was, the higher the capacity
of the specimen to resist fatigue failure was. The data shown in Table 8 demonstrate that
the specimens with 25% and 50% IFW showed improvements in fatigue resistance of 8.6
and 19.4%, respectively, compared with the control mix. The average ki value of the 50%
IFW specimens—9.33E-11 compared with 1.72E-09 for the control specimens—also indi-
cated an improvement in the bent deformation resistance. However, both ki and k2 dete-
riorated when the IFW contents were 75% and 100%. This result indicates that the addition
of 50% IFW optimized the effect of the high stiffness, angularity, and rough surface of IFW
particles on the final properties of the asphalt concrete mix. Additionally, the use of a
higher IFW content will result in a higher thermal conductivity as well as a higher tem-
perature sensitivity in the mix, which will consequently have a negative influence on the
fatigue properties of the WMA concrete.
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Figure 8. Fatigue test results.



Sustainability 2021, 13, 13828 13 of 17

Table 8. Fatigue parameters.

IFW Content (%) 0 25 50 75 100
ki 1.72E-09 9.49E-10 9.33E-11 1.29E-08 6.91E-08
k2 3.15 3.42 3.76 3.09 2.87

5.6. Performance Analysis Using VESYS 5 W Software

VESYS software was employed to evaluate the performance of the pavement
throughout the study period. VESYS is regarded as a viable rutting prediction method
that can be utilized to evaluate the rutting performance of paving constructions through
multiple permanent deformation approaches [38]. Based on both probabilistic as well as
mechanistic analyses, VESYS consists of two rutting models—i.e., system rutting and
layer rutting. The system rutting model considers the whole pavement structure in terms
of the permanent deformation characterization on experimental data. The characterization
law represents the correlation between the permanent strain of asphalt concrete and cyclic
loading in terms of Equation (5):

ASP—(N) = uN~“ (5)
£
where Agy(N) is the vertical permanent strain at N load repetitions; ¢ is the peak haver-
sine load strain under a load pulse of 0.1 s duration; and at the 200th repetition, the p and
a are two material parameters that depend on the stress state, temperature, etc. The layer
rutting model is used to evaluate the permanent deformation of each finite layer in terms
of both the elastic and permanent deformation of the specific layer. The layer rutting
model is expressed in the form of Equation (6):

N2 _ . N2 _ i
Rp= [, Us + z—i Hsup N™%ub + 35500 =1 [ S(UF — U7 )u N~ (6)

where the deflection at the top of the subgrade is represented by U, which is formed by
a single axle load; U} and U; indicate the deflection at the top and bottom of layer i,
which is formed by the axle group; e: is the strain at the top of subgrade formed by the
axle group; psw and asiw show the permanent deformation of the subgrade; and i and a
show the permanent deformation parameters of layer i. Using least squared regression
analysis, the model computes the permanent deformation parameters—i.e., asys and pisys.
The surface rut depth is determined accordingly as follows:

Rp :f]:]vlz U,Ll sys N—asys dN (7)

where U is the pavement surface deflection.

As an illustrative case study, the load of traffic is 3.65 x 10¢ for ESAL (equivalent
single axle loads) over a 10-year study period, or 365 x 10° each year, with a 551 kPa (80
psi) tire inflation pressure as well as a 11.49 mm (4.35 in) contact radius. For rutting, p and
a are the input parameters, a is the rate of reduction in the permanent deformation with
the increasing level of load application (1-slope), and p is the constant rate of proportion-
ality between the resilient (elastic) and permanent strain ((intercept x slope) = resilient
strain). For the fatigue cracking input parameters, the input software values are ki and ko,
which were previously given in Table 9.

Table 9. The result of the moisture susceptibility test.

Mixture ITS (Dry) kPa ITS (Wet), kPa TSR %
CM 946 738 78
25% IFW 1041 854 82
50% IFW 1177 1000 85
75% IFW 1215 1045 86

100% IFW 1268 1103 87
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Rutting in flexible pavements progressively occurs with higher load applications. It
is produced by a combination of densification (diminution in volume and thus increase in
density) and shear deformation. The rutting, as per AASHTO [39], is graded in three levels
according to its severity: low (0-13 mm), medium (13-25 mm), and severe (above 25 mm).

Figure 9 shows the VESYS result. All the IFW concrete pavements showed a lower
level of rutting, compared with that of the control mix, up to 10 years of service life. The
result shown in Figure 9 suggests that the use of IFW may be up to a level of 100%, or it
may fully replace all of the NFS.
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Figure 9. The predicted rut depth over the design service life for the CM and IFW blends.

VESYS predicts the fatigue cracking to yield a crack index (CI). Cl is a dimensionless
metric parameter that estimates the degree of fatigue cracking on the surface of the pave-
ment. The IC at the bottom of the lowest asphalt layer is given as a value below 1. An IC
value of between 1 and 1.5 suggests a slight cracking fatigue on the surface of the pave-
ment. A value in the range of 1.5-2.5 reflects moderate fatigue cracking, while a value in
the range of 2.5-3.5 implies severe surface cracking. Figure 10 shows the CI values after
the end of the design service life. It shows that the use of IFW in general reduces fatigue
cracking after the design service life has ended. However, the concrete with 50% IFW
demonstrated the best performance in terms of fatigue cracking resistance.
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Figure 10. Cracking index for the CM and IFW blends.
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In summary, the investigation carried out using the VESYS 5W and the experimental
data from this study suggest that the use of IFW to replace FNS in a proportion of up to
100% can be considered for improving rutting resistance for pavement construction in hot
climatic regions, while the use of 50% replacement can be considered for improving fa-
tigue resistance for pavement construction in cold regions.

6. Conclusions

This research reports an evaluation of the properties of WMA using IFW as an alter-
native fine aggregate at four contents—i.e., 25%, 50%, 75%, and 100% — of the total aggre-
gate weight. The following conclusions can be drawn from this study:

e  For WMA concrete, the use of 25-50% IFW increased the Marshall stability by 13.7-
18.9%.

e  IFW has a substantial impact on the volumetric properties of WMA, the air void con-
centration, and the number of voids in mineral aggregate.

e In general, the use of IFW causes a considerable decrease in the rutting depth and
fatigue cracking. The use of 50% IFW results in a significant improvement in the fa-
tigue life of WMA concrete under repetitive loading. However, the use of more than
50% IFW will deteriorate the fatigue resistance of the WMA concrete.

e  The addition of IFW improves the durability of WMA pavement by increasing both
the tensile strength ratio and the fatigue resistance under the condition of wet expo-
sure.

e  Finally, this study indicates that the use of a 50% replacement of natural sand in IFW
causes a significant improvement in the performance of warm mix asphalt concrete.
This research has provided valuable knowledge regarding the ability to produce
more durable warm-mix asphalt with a superior resistance to moisture damage, rut-
ting, and the mode of fatigue failure that is most encountered in asphalt pavement in
variable climate conditions.
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