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Abstract: During the development of symmetric asphalt concrete material samples, aggregates play
a vital role in the performance of its production. Shape characteristics and aggregates geology are
two major factors influencing strength parameters of the asphalt concrete mix. In this study, two
different geological sources of aggregates with different shape characterizations have been utilized
for the development of the asphalt concrete mix. In addition to that, the stability analysis has been
performed under different temperature conditions ranging between 25 and 60 ◦C. By the application
of the destructive technique (DT) and non-destructive technique (NDT), the performance of the
asphalt concrete mix has been analyzed and compared based on the geology of aggregates under
various temperatures. Furthermore, a statistical model has been developed to analyze the stability
and performance of the developed asphalt concrete mix with reference to regional climatic conditions.
This study will help in the development of symmetric formation of sustainable asphalt materials.
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1. Introduction

Asphalt concrete most known as the flexible pavement is a composite material made up of fine
aggregate, coarse aggregate, a filler material, and a bitumen binder. The proportioning of ingredients
generally involves the selection of aggregates, asphalt and mineral additives to be used for the
production of the bituminous mix [1]. Therefore, it is necessary to determine the basic properties of an
individual constitutes that comprise the mixture. Aggregates play an important role as it contributes
95% in hot mix asphalt by weight [2]. Aggregates have commonly used material for construction
projects such as road surfaces, making concrete, railway ballast, paving, and partition blocks. Hence,
the selection of aggregates offers enhanced opportunity to improve pavement performance and
durability in asphalt concrete [1]. An aggregate is a chemically inactive material that is mixed with
a different binding material to develop concrete or mortar. Resistance to road evenness is the basic
parameter that reflects the performance of the road surface and provides smooth traffic flow easiness [3].
The Geological Society, London (1993) defines aggregates as the rock particles that, when united in a
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bound and unbound condition come from part of or the whole engineering or building structure [4].
The mechanical performance of an aggregate in asphalt pavement has been studied in previous research
and presented an approach to find out its response of an unbound coarse aggregate [5]. Damages to
highways mostly takes place on surface roads, one of the main reasons is the weakness of a bond
between the bitumen binding and the aggregates. Thus, a bond should be enhanced and to improve the
antistripping properties of asphaltic concrete. Stripping is the phenomenon of surface tension between
the aggregates and binder. The failure of the asphalt pavement due to several distress such as rutting on
the variation of rut depth due to traffic load have been studied using statistical analysis [6]. The several
types of distress including creep, rutting, shoving, cracking, and low stability are resulting in stripping
due to the ingredient’s compatibility. When the ingredients are used in correct proportions, they
provide the best-expected service quality [7,8]. The performance of asphalt concrete by using the design
method and rehabilitation timing and the result revealed that the road surface was greatly influenced
due to traffic load and environmental conditions [9]. The temperature effect is also a key factor that has
a direct influence on the viscosity of bitumen, which affects its ability to bond and provide adequate
bonding for aggregates in Hot Mix Asphalt (HMA) paving mixes. Therefore, the performance of the
asphalt mixture under the effect of increasing and decreasing temperatures is needed to be studied.
Low stability in the asphalt mixture leads to various types of distress [10,11]. The maximum load
resisting by the specimen before failure is the stability strength of that specimen. An arrangement of
the Marshall test [12] is like an indirect tensile strength test [13], but the sample placed in the Marshall
test head is within a certain limit. So, the Marshall stability is linked with the tensile strength of the
specimen [14]. The stability of asphalt pavement relies on different parameters such as bitumen content,
grade, aggregate size, traffic load, environment temperatures, etc. [15]. A fast and effective method has
been developed to analyzed the elastic behavior of the top layer of the road surface [16]. The stability
of asphalt concrete can be analyzed by the application of Marshall stability [17] and ultrasonic pulse
velocity methods [18]. Marshall stability is an extensively used method throughout the world, which is
although an insurmountable limitation, expensive and time-consuming process [19,20].

The non-destructive technique (NDT) has one of the most reliable methods to determine the
expected quality of the constructed pavement. The ultrasonic pulse velocity technique consists of
measuring the time of travel through an ultrasonic wave, passing through the asphalt surface layer
frequently [21]. Asphalt behavior was observed in the laboratory environment at low temperatures.
A review of earlier studies indicated statistically strong relations between bitumen rheology and
asphalt behavior at low temperature in the asphalt mixture [22]. In the literature, triaxial and stress
relaxation tests was performed to predict the mechanical characteristics of the asphalt mixture under
varying temperature conditions temperatures and confining pressures [23,24]. Asphalt strength was
significantly affected under various temperatures. The viscosity and ductility of bitumen both are
increased with a rise in temperature resulting in decreased stability. Hence, the performance of the
HMA mixture has been shown a strong relationship between mixing and compaction temperature [25].
Therefore, it is important to know the impact of aggregate geology on asphalt concrete under varying
temperature conditions.

In this research, two different geological sources of aggregates with different shape characterizations
have been utilized for the development of the asphalt concrete mix. In addition to that, the stability
analysis has been performed to predict the selection of the aggregate with respect to geology for asphalt
mix production under different temperature conditions ranging between 25 and 60 ◦C. Using destructive
(Marshall stability) and non-destructive (ultrasonic pulse velocity) techniques, asphalt concrete mix
quality was analyzed and measured at different temperatures based on aggregate geology. This
relationship has not been investigated before under varying temperature conditions. Furthermore, a
statistical analysis has been done to predict the stability and performance of a prepared bituminous
mix. This research also helps to increase the overall performance of the asphalt mix by choosing the
aggregates based on geology in mega road construction.
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2. Materials and Methods

The complete research methodology is illustrated stepwise as shown in Figure 1, for the
experimentation and detailed evaluations of asphalt mix properties.

Step 1: Selection of the basic materials and mix design.
Step 2: Selection of two types of aggregate with reference to geology, i.e., Sargodha is composed of
Dolerite-sandstone and Sakhi Sarwar is composed of mixed limestone (55%) and sandstone (45%).
Step 3: Testing of basic properties of bitumen and aggregates.
Step 4: Trial mixing to calculate optimum binder content and testing.
Step 5: Development of the final mix design under varying temperature conditions, i.e., (25 ◦C, 30 ◦C,
45 ◦C, and 60 ◦C) shown in Figure 1.
Step 6: Stability of asphalt samples and testing by Marshall stability (destructive test) and ultrasonic
pulse velocity technique (non-destructive methods).
Step 7: Comparative performance analysis with reference to standards.
Step 8: Statistical analysis for the impact analysis of factors.
Step 9: Final decision making.
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Figure 1. Research Framework.

2.1. Bitumen

Asphalt is a sticky, black, and highly viscous liquid or semi-solid form of petroleum [26]. It is
commonly found in deep natural deposits or can be obtained after fractional distillation of crude oil
when boiling at 525 ◦C (997 ◦F).

The primary use of bitumen (70%) is for road surfaces where it is primarily used as a binder
combined with aggregates. The utilization of the remaining bitumen (30%) is for a number of vital
applications such as in building construction, industry as a primary constituent of products [27–29].
Generally, bitumen is composed of hydrocarbon compounds and is effectively used as a waterproofing
agent in paving and roofing applications [26]. The optimal binder percentage was 7% and the 60/70
grade of bitumen was used in this study. All physicochemical properties of used bitumen were
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comprehensively evaluated and analyzed under the American Society for Testing and Materials
(ASTM) standard and they have been given in Table 1. [30,31].

Table 1. Standard of testing bitumen properties and results.

Type of Test Test Method Units Results Standard

Penetration at 25 ◦C ASTM D5-97 mm 66 60–70
Softening point ASTM D36 ◦C 55 40–55
Flash Point ASTM D92-16b ◦C 302 232 min
Ductility 25 ◦C ASTM D113 cm 99 >75

2.2. Aggregate

Generally, aggregates comprise of 60–80% for the cake formation, so they must be carefully selected
to achieve the desired strength. There are a wide variety of aggregate types currently being used around
the globe. In the current studies, two types of aggregates with the geological nature of sandstone and
limestone were used. Samples were cast for two types of aggregates such as Sakhi Sarwar (SS) and
Sargodha (S) to determine the flow and stability values by destructive and non-destructive methods.
Aggregate sizes ranging from 10 to 20 mm and fine grains with size <4.75 mm were used that were
obtained from Lawrencepur, Punjab. In addition, mechanical testing and examination were performed
efficiently to analyze all aggregate properties and comparative standards also mentioned in Table 2 [32].

Table 2. Standards for testing aggregate properties (Sargodha and Sakhi Sarwar Crush).

Type of Test Test Methods Result Specifications

SAR * SS *

Aggregate Impact Test BS812:Part3 16.55% 21.33% Less than 27%
Los Angeles Abrasion Test ASTM: C131 21.67% 27% Less than 35%
Aggregate Crushing Test BS812: Part3 24.86% 23.21% Less than 30%

Water Absorption Test ASTM:C127 2.50% 1.90% Less than 2%
Specific Gravity (Aggregate) ASTM:C127 2.3 2.33 2–3

Geology SAR-Sand SS-Lime and sandstone

* Note: SAR (Sargodha Crush) and SS (Sakhi Sarwar Crush).

2.3. Preparation of the Sample

The Marshall test specimens were prepared with both types of aggregates, i.e., Sakhi Sarwar
and Sargodha for comparative analyses of results by destructive and non-destructive methods.
Approximately 1200 gm of aggregate and filler were carefully taken from the basic prepared blend
(see Table 3) and heated at a temperature in the range of 150–170 ◦C. The specified grade of bitumen
was heated at a temperature ranging between 160 and 170 ◦C. The heated aggregates and bitumen of
the predetermined amount were then thoroughly mixed at a temperature of 165 ◦C for 60/70 grade
of bitumen. The mixing was done with an asphalt mixer available in the Transportation Laboratory
of Civil Engineering Department to achieve a homogenous mix. The different sizes of aggregates
were taken in the desired proportion and a predetermined amount of bitumen was added to them.
The mixture is a transfer into the mold and compacted by a standard hammer with 75 blows on both
sides of the sample at a temperature in the range of 100–140 ◦C. The hydraulic sample extractor was
used to demold the samples and specimens were then placed in a thermostatically controlled water
bath at a standard temperature of 60 ◦C from 30 to 40 min before the testing process began. Other
specimens are also prepared according to standards and placed in a thermostatically controlled water
bath at varying temperatures such as 25 ◦C, 30 ◦C and 45 ◦C from 30 to 40 min. The specimens then
were tested in the Marshall stability machine to compare the stability and flow values of the samples.
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Table 3. Aggregate gradation for bituminous mixes.

Sieve Size (mm) 19 12.5 9.5 4.75 2 0.475 0.177 0.075

Passing (%) by Weight 5 20 25 15 10 10 8 7

Note: Our gradation (percent by weight of specimen, i.e., 1200 g).

2.4. Experimental Methods

2.4.1. Ultrasonic Pulse Velocity Test

The application of NDT has become a subject of interest in various countries. The NDT have used
in many applications as it requires less cost and time. There are many studies in the literature that
presented the use of NDT in different applications such as to find a defect in polymers and a metallic
structure [33]. Among the available methods of NDT, ultrasonic pulse velocity has been effectively
used for the detection of cracks in a concrete structure for many decades but in the literature, the use of
this technology is not too much in the testing asphalt concrete [34–36]. The time of travel is measured
electronically with a device when the ultrasonic wave is passed through the specimen. This test was
done to assess the performance of concrete regarding uniformity, cracks, and deterioration of structures
due to environmental conditions. The pulse velocity technique has been used to estimate the strength
of concrete structures and various researchers have attempted to associate the relationship of pulse
velocity with strength and other related properties of concrete. This test methodology is based to
explore the fact that the propagation time expresses the density of the material, which is correlated
with the compressive strength. By using the pulse velocity, it is also possible to verify the capacity or
detect heterogeneous regions in the concrete [37]. The method is normally consisting of an electronic
circuit that generating waves having a frequency range of 25–60 kHz.

Vibration-based techniques have been introduced to monitor the concrete structures in the
1930s. Canada [38] and England [39] developed non-destructive instruments at the same time.
Canada developed the Soni scope whereas England developed an instrument called an ultrasonic tester.
The ultrasonic pulse technique has become popular all over the world due to its simplicity [15]. A series
of researches have been published on this subject [40,41]. The basic principle of ultrasonic pulse velocity
is to measure the time necessary for the wave to propagate through the medium, which will depend on
several factors such as the nature of the material and the presence of water in the pores, among others.
The schematic diagram of the pulse velocity test was presented in the following Figure 2.

There are generally three types of waves that are produced, known as longitudinal waves,
shear waves, and surface waves. These three waves travel with different velocities. The longitudinal
waves travel with greater velocity. While the surface waves are the slowest. Ultrasonic pulse velocity
(UPV) has been greatly influenced by the density and elastic properties of the materials [42]. In other
words, a small cavity sample gives high pulse velocity reading, which indicates high stability and
stability will be less for samples having more voids.

This study was proposed to explore the relationship between the bitumen qualities and Marshall
stability of the asphalt concrete samples using ultrasonic pulse velocity. The time of travel between the
surface of the asphalt core sample and the face of the transducer was measured electronically.
Pulse velocity measurement is determined by the divided path distance to the time of travel.
The battery-operated portable device was used in this study according to both Bs-1881-203 and
ASTM C597-02 standards. The transmit time through the specimen is measured between the input
and output of the waves with an accuracy of 0.1 microseconds and a 1.2 kV, 500 V wavelengths.
In order to use the ultrasonic pulse velocity (UPV) in concrete, it is recommended that a high pulse
velocity reading gives an indication of good quality concrete [43]. Normally, the quality of construction
materials is related to its rigidity. The UPV can also be used to measure other physical properties
such as material nature, the porosity and the presence of emptiness or water in the pores system that
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influences the wave propagation. In the current study, ultrasonic pulse velocity was measured at a
laboratory temperature called the 1st ultrasonic velocity of that sample.

Symmetry 2020, 5, x FOR PEER REVIEW 5 of 12 

 

2.4. Experimental Methods 

2.4.1. Ultrasonic Pulse Velocity Test 

The application of NDT has become a subject of interest in various countries. The NDT have 

used in many applications as it requires less cost and time. There are many studies in the literature 

that presented the use of NDT in different applications such as to find a defect in polymers and a 

metallic structure [33]. Among the available methods of NDT, ultrasonic pulse velocity has been 

effectively used for the detection of cracks in a concrete structure for many decades but in the 

literature, the use of this technology is not too much in the testing asphalt concrete [34–36]. The time 

of travel is measured electronically with a device when the ultrasonic wave is passed through the 

specimen. This test was done to assess the performance of concrete regarding uniformity, cracks, and 

deterioration of structures due to environmental conditions. The pulse velocity technique has been 

used to estimate the strength of concrete structures and various researchers have attempted to 

associate the relationship of pulse velocity with strength and other related properties of concrete. 

This test methodology is based to explore the fact that the propagation time expresses the density of 

the material, which is correlated with the compressive strength. By using the pulse velocity, it is also 

possible to verify the capacity or detect heterogeneous regions in the concrete [37]. The method is 

normally consisting of an electronic circuit that generating waves having a frequency range of 25–60 

kHz.  

Vibration-based techniques have been introduced to monitor the concrete structures in the 

1930s. Canada [38] and England [39] developed non-destructive instruments at the same time. 

Canada developed the Soni scope whereas England developed an instrument called an ultrasonic 

tester. The ultrasonic pulse technique has become popular all over the world due to its simplicity 

[15]. A series of researches have been published on this subject [40,41]. The basic principle of 

ultrasonic pulse velocity is to measure the time necessary for the wave to propagate through the 

medium, which will depend on several factors such as the nature of the material and the presence of 

water in the pores, among others. The schematic diagram of the pulse velocity test was presented in 

the following Figure 2. 

  
(a) (b) 

Figure 2. (a) Schematic overview of the ultrasonic pulse velocity test and (b) device. 

There are generally three types of waves that are produced, known as longitudinal waves, shear 

waves, and surface waves. These three waves travel with different velocities. The longitudinal waves 

travel with greater velocity. While the surface waves are the slowest. Ultrasonic pulse velocity (UPV) 

has been greatly influenced by the density and elastic properties of the materials [42]. In other words, 

Figure 2. (a) Schematic overview of the ultrasonic pulse velocity test and (b) device.

2.4.2. Stability Test

Destructive (Marshall stability) and non-destructive (ultrasonic pulse velocity) testing was
comprehensively done to determine the stability of samples under different temperature conditions
ranging between 25 and 60 ◦C. Marshall stability is defined as the maximum load in KN at a rate
of 5 mm/min deformation before failure of the sample. This method involves several significant
limitations such as drilling, transporting, and testing equipment and personnel shown in Figure 3.
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Figure 3. Marshall testing machine with asphalt specimen and compactor apparatus.

For these reasons, the ultrasonic pulse velocity technique was used to predict the stability of an
in-service road surface as it requires less cost and time than destructive testing. Whereas Marshall
stability gives more reliable results regarding the structure strength, the ultrasonic pulse velocity test
is not as reliable but it is useful to analyze the concrete properties and to determine its homogeneity.
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The correlation between the NDT (using ultrasonic pulse velocity test) and DT (structure strength by
Marshall stability test) could be established [44].

3. Results and Discussions

3.1. Marshall Stability Analysis Based on Environment Temperature

All samples were cast with two types of aggregates (Sakhi Sarwar and Sargodha) to analyze the
relationship between stability and different temperatures conditions ranging between 25 and 60 ◦C.
The average stability and flow values of all two types of aggregate were considered for detailed analysis
and results were shown in Figures 4 and 5. This study presents the analysis of least square regression
using Microsoft Excel in order to explore the overall trends in the data. A significant relationship
between stability and temperature was observed. The R2 value obtained using the ANOVA analysis
for both aggregate types shows a small deviation both for stability and the flow value under varying
temperature conditions. It was also observed that the slope of the trend line for the samples casted with
both types of aggregate is similar whereas the stability and flow value of Sargodha crush is quite better
as compared to Sakhi Sarwar crush. In other words, the use of Sargodha crush in the development of
asphalt concrete during road pavement minimized the influence of temperature.
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Figure 5. Average flow values based on different temperature conditions for (a) Sargodha and (b)
Sakhi Sarwar.

The above figure shows that when the temperature was low, the value of stability was high and
with increasing temperature, it will tend to decrease significantly. This is because viscosity was directly
related to temperature. The increasing temperature had an indirect relation with the stability and
direct relation with the flow values of the samples due to the fluidity of bitumen.

3.2. Relationship between Stability and Ultrasonic Pulse Velocity

Temperature has been given significant priority because it is closely related to road performance.
At high temperature, bitumen exhibited viscoelasticity whereas at low temperature it showed elasticity.
In Figure 6, the trend line shows the relationship between stability and ultrasonic pulse velocity
with varying environmental conditions. The results from the graph indicate that with the increase
in temperature, the stability and ultrasonic passing time decreased significantly. In addition to that,
the passing time of ultrasonic pulse velocity was found to reduce under the influence of varying
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temperatures shown in Figure 6. The reason is that when the sample is exposed to high temperatures,
the binder fills the gap between the internal voids due to fluidity.
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Figure 6. Average stability and second ultrasonic pulse time based on different temperature conditions
for (a) Sargodha and (b) Sakhi Sarwar.

From the above figures, it is clearly observed that at 25 ◦C, the ultrasonic pulse velocity time was
high and tended to decrease with the rise in temperature binder filling the gaps in the cavities due to
fluidity. In other words, the speed of ultrasonic passing time was high when the cavities were less in
the sample and vice versa because the travel speed of wave is much faster in air than in solids, i.e.,
aggregates. However, on the other hand, due to an increase in the softness of the binder under the
influence of temperature the stability of the samples was found to reduce significantly
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4. Conclusions

In this study, a statistical analysis was performed on all the data obtained experimentally to
compare the impact of different aggregate based upon their geology on the strength of the asphalt
pavement under varying temperature. According to this research work, max strength was achieved
at 25 and 30 ◦C by employing both types of aggregates, i.e., Sargodha (sandstone) and Sakhi Sarwar
(limestone and sandstone). In this research, the second degree of the polynomial was presented for
each aggregate type, which helps other researchers and engineers to validate such parameters during
decision making of higher performance parameters. The results for asphalt concrete mixes containing
Sargodha crushed were having relatively well stability compared to Sakhi Sarwar crushed. This paper
showed that ultrasonic pulse velocity is a very interesting method for damage detection of asphalt
concrete that can easily be applied on site. It was observed that the stability of asphalt core samples
has an indirect relation with ultrasonic passing time. This could clearly be observed with 60 ◦C of
samples, which had the lowest stability and had the longest ultrasonic passing time as compared
to other samples exposed to various temperatures. In addition, ultrasonic velocity decreased with
an increase in voids when the sample was exposed to high temperatures. In other words, with the
increasing of temperature, the stability of the asphalt mixes decreased significantly. The results of this
study clearly show that when the temperature was low, the surface of the sample was affected only
and the temperature inside the sample was not significantly affected by the bitumen. However, as
temperature increasing bitumen is heated and inside the samples, the temperature increased too, which
resulted in an increase in fluidity of bitumen. The strength of the asphalt mix was reduced due to
increased viscosity and ductility. Consequently, premature distresses are developed on the road surface
due to insufficient mixing and compaction temperature are some issues such as segregation, high air
void content resulting in insufficient mixing, and compaction temperature. It should be observed that
samples were subjected to heat from all four sides in this research, whereas in the highway the top
surface of the road was exposed to heat only. Thus, to comprehend the real effect of temperature on
roads, it is necessary to determine the behavior of asphalt’s lower layers during the day need to be
further studied. This finding could open a way towards decisions regarding the optimum thickness of
the binder and erosion layers, thus improving the stability and performance of asphalt concrete in
road construction. However, this research will also assist in analyzing the effect of source geology on
road construction.
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