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Abstract

The present study aims to find the influence of the Polystyrene Foam (PSF) and the
High-Density Polyethylene (HDPE) on obtaining lightweight concrete. Three types of
mixtures containing cement and sand were prepared. The sand was partially replaced
by PSF in one mixture, while it was replaced by HDPE in the other, in proportions (5%,
7%, 10%, 15%) for both. Certain characteristics such as density, and compressive
strength, were analysed from experiment results. In addition, the influence of PSF and
HDPE as replacements of fine aggregate was analysed and compared with the reference
mix of concrete. The results highlighted the concrete density decreased significantly
with the increase of PSF replacement and moderately when the HDPT replacement ratio
in the mixture increased. In the same way, the compressive strength decreased
significantly when adding PSF and moderately when adding HDPE compared to the
control reference mixture. A comparison was made between the two types of mixtures
and the results showed that HDPE concrete is much higher than PSF concrete in terms
of density and compressive strength.

Keywords: PSF concrete, HDPE concrete, Lightweight concrete, Compressive
strength, Density of concrete.

Introduction

Conventional concrete as a structural material is a relatively heavy material, with a
density ranging from 2200 to 2500 kg/m?, and the ratio of the self-weight of the parts
of the building compared to the effective loads is a high percentage in all cases.
Therefore, it was considered to produce lightweight concrete, weighing less than 2000
kg/m®. It has been possible to manufacture structural concrete weighing 1400 to 1900
kg/m*® which may be accompanied by a slight increase in cost, in addition to the
production of masonry cement blocks with a density of 900 kg/m?, which are efficiently
used as interior walls. Lightweight concrete can be defined as concrete that includes an
expansion agent that increases the volume of the mixture in exchange for reducing the
dead weight. The term lightweight concrete is described as a broad group of special
aggregate bases. In general, is those that weigh less than 2000 kg/m3. The purpose of
product the light concrete is to reduce the weight of the structure and for thermal and
sound insulation purposes.

During the twentieth century, there was a significant development in the techniques of
production and application of concrete. One of the most important of these
developments is the additives in concrete or mortar. It was thought to reduce the
reliance on aggregates and to find a better way to improve the physical and mechanical
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properties of concrete. An alternative material is to add polymers such as (Polystyrene
- HDPE, LDPE...etc.) to produce lightweight concrete. Using the polymer in concrete
cannot be considered something new, in fact, it was previously used naturally decades
ago. Polymer products are commonly used in most fields due to ease of design,
manufacture, and cheaper cost [1]. Polystyrene foam (PSF) is one of the polymer
products and use it in concrete can be considered as air trapped, but it has a tensile
strength that can be controlled [2]. Another polymer candidate that can be used as an
additive to concrete is high-density polyethylene (HDPE). However, one of the
disadvantages of its properties is the low bond strength between HDPE and concrete.
This work is a comparative study of the use of the two types of polymer mentioned
because of the difference in density between these materials, as well as their role in the
influence the weight of concrete while maintaining good properties. There are several
differences between PSF and HDPE such as material structure, matrix structure
including voids volume and density. The PSF may generate free volumes whiten the
concrete mixture while HDPE might not provide this phenomenal. In addition, the free
volume of PSF may contribute in the adhesion of plastic partials and the concrete
mixture resulted from partial penetration of cement paste to the PSF free volume. The
importance of this work lies in determining the applications for which these types of
concrete can be used.

1. Polystyrene and Polyethylene Concrete

Two types of polymers have been added namely polystyrene foam (PSF) one of the
most popular thermoplastic polymers, and high density polyethylene (HDPE) which is
a kind of high-density plastic that is affected by high temperatures. There is big
difference in density between them. An increase in the dosage of polystyrene in
concrete will often be followed by a decrease in its mechanical properties. Some
experiments have shown that heat treatment of polystyrene improves the properties of
concrete that relate to workability, density, thermal conductivity, and shrinkage [3].
Granule coating was used as a different type of polystyrene curing to produce concrete
with polystyrene as replaced of aggregate [4, 5]. The researchers found the creep of
concrete is higher than that of ordinary concrete. The studies work on the polystyrene
concrete [6, 7, 8] highlighted various advantages of using this kind of polymer in
concrete such as; good insulation of electrical and thermal, high durability and
longevity, good resistance to chemicals, water and impact, light weight, relatively
economical in production cost. HDPE has stronger material properties and is harder
than PSF. HDPE is higher rigidity and less flexibility as well as more resistance to high
temperatures [9]. An important property of HDPE is that the slump (workability)
decreases when HDPE is increased while keeping the w/c ratio constant [10]. The
compressive strength of HDPE as a filler material in concrete is increased when HDPE
is added from 0% to 0.5% and then drops with the increase of HDPE from 0.5% to 2%
[11]. Water absorption, porosity and permeability of HDPE concrete as fine or coarse
aggregate is increased with the increase of HDPE [12]. The flexural and splitting tensile
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strength of HDPE fibre reinforced concrete is increased HDPE with an increase of
HDPE comparing with plain concrete in all inclusion levels of HDPE [13].

2. Materials Used

In this study, Ordinary Portland Cement 42.5N manufactured by the Arab Union
Company was used with a specific gravity of 3.15. Fine natural aggregates were used
from quarries in Zliten region with specific gravity of 2.587 and fineness modulus of
1.38. The results of the sieves analysis was matched the limits of the British Standard
[BS 882-1992] [14]. In addition, the two types of polymer PSF and HDPE as a partially
replacement of the sand. Figure 1 shows the shapes of the PS and HDPE used as
additives.
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Figure 1: Shapes of PS and HDPE used in the concrete
3. Research Design

This investigation was carried out in two stages. In the first stage, polystyrene was
added as a percentage of sand weight in proportions of 5, 7, 10 and 15% to the reference
mixture, which does not contain additives. In the second stage, granules of high density
polyethylene (HDPE) were added as a percentage of the sand weight in the same
proportions of PSF as previously mentioned. The reason for choosing weight as a
proportion of replacement rather than volume is to obtain as light a weight concrete as
possible. Imposing these ratios is an attempt to find values that preserve the physical
and mechanical properties of concrete while reducing its weight. Physical and
mechanical tests on the natural sand including specific weight and adsorption were
preliminary conducted. Ordinary concrete mix was designed as a reference mix (CO0).
Four other mixtures were designed with sand replacement of 5%, 7%, 10% and 15% of
PSF indicated by CPS5, CPS7, CPS10 and CPS15, respectively. Four other mixtures
with HDPE were also designed with the same PS substitution indicated by CHP5,
CHP7, CHP10 and CPH15, respectively. Twenty-seven concrete samples were made
in the form of concrete cubes with a size of 100 mm. The water/cement ratio was 0.5

129

—
| —



Fifth Conference on Engineering Sciences Comparative Study Based on the Utilization of
and Technology (CEST-2022) 20-22 Polystyrene Foam and High-Density Polyethylene in
December 2022/ Libya Lightweight Concrete

which is constant for all mixes. The cement/sand ratio was also constant and is 1/3 for
all mixes. Table 1 shows the material weights for the nine mixtures. The materials were
mixed and cast immediately in the cubes then left twenty-four hours in lab condition
(x22C0). After 24 hours, the samples were demolded and submerged in water for 28
days in lab temperature. Samples were extracted from the water after the immersion
period and weighed to find the density of the concrete samples. Then pressure tests of
the concrete were carried out and the results were analyzed. All samples underwent the
same procedure.
Table 1: The weights of used materials (Kg/m?)

_ Materials amount (kg/m®)
Mix Remark
Cement | Sand | Water | PSF | HDPE
1 300 900 150 0 0 Reference mix
2 285 855 1425 | 42.75 0
3 279 837 139.5 | 58.59 0 _
PS Concrete mixes
4 270 810 135 81 0
5 255 765 127.5 | 114.75 0
6 285 855 142.5 0 42.75
7 279 837 139.5 0 58.59 HDPE Concrete
8 270 | 810 | 135 0 81 mixes
9 255 765 127.5 0 114.75
Water to cement ratio and cement to sand ratio are constant (W/C = 0.5, C/S =
1/3)
4. Results and Discussion

1. 5.1 Bulk Density of Mixes

The bulk density of samples is calculated by dividing the weight of the sample at 28
days of age by the volume of the concrete cube. The dried samples were weighed using
a precision scale (x1 g). From the results of the concrete density, a significant decrease
in the density of concrete was found with the increase of PSF in the concrete mixture
as shown in Figure 2. The decrease in density was 68.2%, 72.7%, 72.1%, 74.5% for
samples containing 5%, 7%, 10%, and 15%, respectively. The density of samples
replaced with HDPE also decreased but to a lesser degree, with the decreases being
7.9%, 8.3%, 9.9% and 10.6% for 5%, 7%, 10% and 15% replacement ratios,
respectively. Figure 3 shows the results of the density of HDPE concrete. Through the
results of both PSF and HDPE, it is clear that there is a vast difference between the use
of the two types of polymer. Both types of concrete can be considered lightweight, but
the use of any of them as a structural element depends on the kind of loads to which
this element is exposed.
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Figure 2: Density of different mixes of PSF concrete
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Figure 3: Density of different mixes of HDPE concrete

2. 5.2 Compressive Strength

The compressive strength of concrete is the most effective property of hardened
concrete which is an important index of the strength, durability, and performance of
concrete. Three cube samples of each mix were subjected to a compressive strength test
on the 28" day. The average of the results was taken as illustrated in Figure 4 and Figure
5. From the charts, a huge reduction can be observed in the compressive strength on the
28" day with an increase in PSF or HDPE replacement ratio. A significant decrease on
the 28™ day for the mixes containing PS, and the decreased ratios were 98.6%, 98.7%,
98.7%, and 98.9 for 5%, 7%, 10%, and 15% of PS respectively as illustrated in Figure
4. For the same replacement, the Figure 5 shows also decrease in the compressive
strength of the HDPE were 44.7%, 47.1%, 48.0%, and 49.2% respectively. The lower
compressive strength behavior may be largely attributed to the lower density of the
polymer and thus the lower density of concrete. This reduction is symmetrical with
several studies in the literature. These concretes are only applied to structural elements
that are subjected to small loads.
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3. 5.3 Comparison between the PS and HDPE characteristics

The calculated density of PS and HDPE showed a large gap between the two types used
and thus this is reflected in the compressive strength. This depends on
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Figure 4: Relative compressive strength of HDPE mixes with reference mix.
the chemical components of the polymer. Shape, size and texture may not affect density
but can play arole in the strength of concrete. Figures 6 and 7 illustrate the gap between
the polymers used and reference mix.
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Figure 5: Comparison of the density of PS and HDPE with the reference mixture.
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Figure 6: Comparison of the compressive strength of PSF and HDPE with the
reference mixture.

5. Conclusion

This study has aimed to find the properties of hardened concrete containing two types

of polymer namely polystyrene (PSF) and high-density of polyethylene (HDPE). The

use of these two types is to obtain lightweight concrete and compare between the two.

From the above discussion, it can be concluded that the use of polymers such as PS and

HDPE in concrete has been found to be a suitable solution to obtain lighter elements

and reduce dead load, thus reduce quantities of costly steel reinforcement. Through the

laboratory study that was conducted and analyzed the results of the tests, the following
points were summarized:

1. Density of polymer concrete at 28 days of age was decreased in both types used

compared to the control mix. It shrank by 68.2%, 72.7%, 72.1%, and 74.5% for samples

containing 5%, 7%, 10%, and 15% PSF respectively. The density of samples that were
replaced with HDPE also decreased but to a lesser degree, with the decrease being

7.9%, 8.3%, 9.9% and 10.6% for the replacement ratios of 5%, 7%, 10% and 15%,

respectively.

2. For the compressive strength at 28 days of age, this strength was observed to

decrease by 98.6%, 98.7%, 98.7% and 98.9 for the replacement rates of 5%, 7%, 10%

and 15% of PSF concrete, respectively compared with reference concrete. For HDPE

concrete, it decreased by 44.7%, 47.1%, 48.0% and 49.2% with the same previous
replacement ratios, respectively.

3. By comparing PSF with HDPE, it can be seen that PS density decreased over HDPE
density by 65.5%, 69.1%, 69.1 and 71.4% for the above-mentioned replacement
ratio.

4. The compressive strength of PS also decreased over HDPE by 97.5%, 97.6%, 97.5
and 79.9% for the same replacement ratios.

In this research, some properties of lightweight concrete by adding polymer were

studied, and further field of researches has been opened for future study.
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Abstract

Rutting is one of the common pavement distresses which led to lower riding comfort for
road users and high maintenance costs. The aim of this study is to enhance the properties
of Gap-Graded Asphalt Mixes (GGAM) by using Calcium Carbonate (CaCos) with new
by-product material Treated Palm Qil Fuel Ash (TPOFA) used as a filler. The dynamic
modulus (E*) Simple Performance test (SPT) was conducted at 4°C, 21°C, and 37.8°C,
and used 10 Hz and 0.5 Hz loading frequencies. The same samples were used for the flow
number test (Fn) at 54. 4°C to evaluate the Rutting Performance of GGAM subjected to
acceleration moisture conditioning using a continuous haversine loading. Results from the
study indicated that the SPT test was effective and that enhancement in the stiffness and
water sensitivity resistance is achieved by adding CaCOs with TPOFA to the GGAM.
Furthermore, to use new by-product material treated palm oil fuel ash in road pavement
wherever available to solve the solid waste disposal problem of the environment.

Keywords: Gap-graded asphalt mixes, Rutting, SPT, Flow number, Moisture conditions.

1. Introduction

The development of modern pavement technology is needed to accelerate the
significant improvement of the pavement quality of highways. Pavement surface
distress such as cracks is prevalent on pavements due to the action of repeated traffic
loading and cyclic environmental conditions. The rutting is mainly caused by the
denseness of the asphalt mixture, while the unmodified asphalt mixture rutting is caused
by the combination of compactness and push. Using new materials may help mitigate
the problem by improving the properties of asphalt mixtures. Researchers in the
highways have conducted extensive research on the rutting performance of asphalt
pavement. In previous laboratory investigations performed by means of wheel tracking
tests, the Authors found that in some cases rubberized gap-graded mixtures exhibited
poor rutting resistance properties [1]. The Simple Performance Test (SPT) dynamic
modulus was conducted to evaluate the rutting potential of GGAM. The SPT test's
benefit is that it is repeatable and non-destructive and was conducted at a broad range
of temperatures and loading frequencies applied during testing giving a better
understanding of the rutting deformation occurring under different conditions. Due to
the importance of the dynamic coefficient of asphalt mixtures as a performance
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parameter, many studies have been initiated to determine the dynamic coefficient of
asphalt mixtures using simple tests or prediction models [2]. Sirin et al. (2006) obtained
the anti-rutting performance of the asphalt pavement modified by SBS through the
accelerated loading test of the road surface [3]. Ziari et al., (2019) proposed an asphalt
mixture with waste rubber powder as a modifier and amorphous carbon powder as a
filler, which has shown good fatigue and rutting resistance [4]. Walubita et al. (2019)
compared and evaluated the anti-rutting performance of asphalt mixture by dynamic
modulus, repeated load permanent deformation, simple shearing and Hamburg rutting
[5]. Moisture susceptibility is the loss of strength in asphalt concrete mixtures due to
the loss of adhesion between asphalt binder and aggregate or the weakening of the
asphalt mastic in the presence of moisture and can result in rutting and fatigue distresses
developing [6]. Asphalt binder ageing is one of the principal factors causing the
deterioration of asphalt mixtures [7]. Many fillers obtained by processing natural or
recycled materials can be used for asphalt pavements such as Portland cement, hydrated
lime, and ground slag [8]. The choice of materials in road construction greatly impacts
road construction technology, maintenance and cost [9]. In tropical climatic conditions,
rutting and fatigue are the most common surface distress prone to occur on Malaysian
roads [10,11]. This study aims to evaluate the Rutting Performance of GGAM subjected
to acceleration moisture conditioning using continuous haversine loading.

2. Materials and Methods

A conventional asphalt binder grade 60/70 supplied by SHELL Company was used and
its properties are shown in Table 1 [12].

Table 1: Properties of base binder [12]

Ageing condition Property values
Penetration [1/10 mm] 63
Softening Point [°C] 48
Unaged Ductility @ 25 °C [cm] 115

Relative Density @ 25°C 1.03
G*/sind (@ 64°C [Pa] | 1621.40

Short term aged G*/sind @ 64°C [Pa] | 3584.20

Long termaged | G* sind @ 25°C [MPa] 451

The crushed granite geometrically cubical aggregate (GCA) supplied by Kuad Quarry
Sdn. Bhd., Penang was used. The basic properties of the aggregate as well as the
gradation used which was developed by OPUS International are shown in Tables 2-3
respectively [12].
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Table 2: Engineering Properties of GCA [12]

Property Test result | Test method
Coarse Aggregates Bulk Specific Gravity (g/cm3) 2.624 AASHTO T85
Absorption (%) 0.53 AASHTO T85
Fine Aggregates Bulk Specific Gravity (g/cm3) 2.575 AASHTO T84
Polished Stone Values 51.10 ASTM D3319

Flat and Elongated (%) 13.56 BS 812
Los Angeles Abrasion (%) 8.0 ASTM C131
Aggregate Crushing Value (%) 16.77 BS 812-110

Table 3: Aggregate Gradation Developed by OPUS International [12]

Sieve Size | Lower and Upper Limit of Percentage | Gradation Used
(mm) of Passing by Weight (%) (%)
20 100 100
14 100 - 90 94
10 65-50 63
6.3 45-30 42
4.75 32-21 29
2.36 25-16 23
0.6 18-11 16
0.075 12-8 8

Combinations of 6% CaCOs with 2% (TPOFA) were used as fillers to enhance the bond
between the cubical aggregate particles and asphalt binder and improve the
performance of the mixture. Moreover, using TPOFA, which is the by-product of the
palm oil industry, can reduce the cost of total road construction. Several procedures
were conducted in Concrete Lab in USM to obtain the TPOFA as shown in Plate 1.

‘.\

(2) Raw POFA

(c) TPOFA

(b) Grind POFA
Plate 1: Obtain the TPOFA

1. Sample Preparation and Test Methods
The SPT was used to determine the strains and displacements of layered pavement
under different temperatures and loading conditions according to AASHTO TP79
(AASHTO, 2013) procedures [13]. The test is a fully integrated device that is comprised
of an environmental chamber, hydraulic actuator and pump, refrigeration and heating
unit and data acquisition system as presented in Plate 2(a). Approximately 6350 g of
batch weight was needed to prepare cylindrical samples 150 mm in diameter and 165
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mm in height that was compacted by the Superpave Gyratory Compactor (SGC) with
7% air voids. After compaction and cooling at room temperature for 24 hours, the
specimens were cored and trimmed from the centre of the gyratory compacted specimen
as shown in Plate 2(b). Both ends of the specimen were sawed by approximately 5 mm
to achieve the final dimensions of the specimen of 100 mm in diameter and 150 mm in
height. The LVDT sensors were then fixed to measure the deformation when the sample
had been subjected to stress as shown in Plate 2(c).

(b) Cored and Trimmed (c) Fixed the LVDT
Plate 2: Simple Performance Test

The stress versus strain relationship of an asphalt mixture under a continuous haversine
loading is defined by its complex dynamic modulus (E*). The E* test was conducted
under a series of temperatures (4.4, 21.1, 37.8 and 54.4 °C) and loading frequencies
(0.1, 1, 5, 10 and 25 Hz). Before testing, samples were conditioned for 4 hours in a
temperature-controlled chamber at the test temperature. The test began with the highest
loading frequency of 200 cycles at 25 Hz with the lowest test temperature 4.4°C. A 60
seconds rest period was applied between each frequency to allow specimen recovery
before applying the next lower-frequency loading. The test was conducted under a
stress mode with a uniaxially applied haversine load, and the parameters employed in
this test are shown in Table 4. This test is categorised as a non-destructive test.
Whereby, the same samples were used for the flow number test to quantify the rutting
potential of asphalt mixture at 54.4°C. The flow number is defined as the number of
load pulses where the minimum rate of change in permanent strain occurs during the
repeated load test. To simplify the identification of the GGAM, the samples are
designated first by their mix type, followed by the main filler and secondary filler as
GGCP.

Table 4: Parameters for the Simple Performance Test

Parameters Values
Test Temperature 4.4°C, 21.1°C, 37.8°C and 54.4°C
Test Condition Dry and Wet
Loading Frequencies (Hz) | 25 | 10 5 1.0 | 05 | 0.1
No. of Cycle 200 | 200 | 100 | 20 | 15 | 15
Sample Diameter 100 mm
Sample Height 150 mm
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2. Samples Conditioning

After mixing, the trays were kept in a draft oven at 135°C for 4 hours to simulate short-
term ageing (STA) according to AASHTO R30 (AASHTO, 2006) procedures [14]. The
samples were then subjected to ultraviolet radiation (UV) at 85°C for five days to
simulate long-term ageing (LTA) that represents 7 to 10 years of the service life [15].
Likewise, samples were subjected to moisture conditioning parameters to simulate field
conditions in the laboratory. Each sample was partially saturated in distilled water using
a desiccator under a 635mm-Hg vacuum for 30 minutes at room temperature to achieve
50% to 70% saturation. Different methods of moisture conditioning were applied to the
samples as presented:
(a) Unconditioned or controlled sample (dry) was kept at room temperature.
(b) Vacuum saturation in distilled water for 30 minutes at room temperature and then
submerged in distilled water for 48 hours at 25°C.
(c) Vacuum saturation in distilled water for 30 minutes at room temperature and then
freeze in a deep freezer for 24 hours at -6°C.
(d) Vacuum saturation in distilled water for 30 minutes at room temperature and then
soaked in distilled water for 24 hours at 60°C.
(e) Vacuum saturation in distilled water for 30 minutes at room temperature and then
freezing in a deep freezer for 24 hours at -6°C and then thawing in distilled water for
24 hours at 60°C (freezing-thawing).
3. Results and Discussion

1. Combined Effects of Ageing and Moisture on Rutting Using SPT
Figure 1 presents the mean dynamic modulus (E*) and phase angle (6°) GGCP
subjected to different ageing conditions. Referring to the results, the mixture exhibits
higher moduli values at lower temperatures (4.4 °C), while the trend is reversed at
elevated temperatures (21.1 and 37.8 °C). Furthermore, the increase in dynamic
modulus (E*) when subjecting the mixture to different ageing conditions are desirable
for better resistance to permanent deformation. Also, lower E* at low temperatures are
desirable for the better resistance to thermal cracking. The ageing has a significant
effect on the GGCP as indicated by the higher calculated modulus ratio as shown in
Table 5.

Table 5: Dynamic Modulus Ratios of GGCP

Ratio = E* (STA) / E* (Un- | Ratio = E* (LTA)/E* (Un-
Freq. (HZ) aged) aged)
4°C 37.8°C 4°C 37.8°C
10 1.20 1.12 1.56 1.31
0.5 1.35 1.03 1.70 1.29
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Figure 1: Effects of Ageing on E* and (® °) for GGCP

The E* ratios of GGCP were greater than 1.0 at the higher temperatures regardless of
the test frequencies, a desirable characteristic can be observed especially for the rutting
resistance and for all types of loading conditions. The temperature and frequency
conditions used for the comparison are 4.4 °C for low temperatures, and 37.8 °C for
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higher temperatures. The frequency selected is 10 Hz, representing the typical vehicle
speed for an arterial street and 0.5 Hz representing much slower vehicle speed for the
case of parking lots or at approaches to intersections. On the other hand, the relationship
between the dynamic modulus of GGCP subjected to several ageing and moisture
conditioning is illustrated in Figures 2 and 3. Each figure presents the summary
comparison of E* for selected values of test temperatures

loading frequencies (10 Hz and 0.5 Hz).

Evaluate the Rutting Performance of Sustainable
Gap-Graded Asphalt Mixes Subjected to Moisture
Conditioning
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Figure 2: Comparison of Measured Dynamic Modulus at 4.4 °C for GGCP
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Figure 3: Comparison of Measured Dynamic Modulus at 37.8 °C for GGCP

The effects of the test temperature on E* show that the stiffness of the mixture responds
to variations in temperature. At constant frequency, E* values are higher at a lower test
temperature and start to decrease as the test temperature increases. The variations in E*
results are also observed to be less at a higher temperature. As the asphalt binder
softens, the stiffness of the mixture reduces, and the mixture performance is largely
dictated by the aggregate matrix within the mixture. The rutting characteristics of
GGCP subjected to ageing and various moisture conditioning methods were assessed
from the dynamic modulus test performed at elevated temperatures. A relationship has
been established with a hypothesis that the stiffness of the mixture from the dynamic
modulus test can be used to evaluate rutting. The temperature chosen was at 37.8°C and
loading frequencies were at 10 Hz and 0.5 Hz because rutting is expected to occur at
higher temperatures and lower loading times. Figures 4 show the correlation plots for
the rut stiffness factor at 37.8 °C against the rut depth for GGCP mixtures. In general,
there exists a strong correlation is observed for GGCP tested between rut stiffness factor
and rut depth at a higher loading frequency.
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Figure 4: Rut Depth Versus Rutting Factor at 37.8°C for GGCP

The Flow Number test (Fn) was conducted for GGCP mixes. All tests were carried out
on 100 mm in diameter and 150 mm in height cylindrical specimens. Plate 3 shows the
actual specimen setup for the Fn test. Both specimen ends were lubricated to warranty
frictionless surface conditions. All tests were conducted within an environmentally
controlled chamber throughout the testing sequence.

(@) Specimen Before Test (b) Specimen After Test
Plate 3: Actual Specimen Set-Up for Fx Test

Figure 5 presents the results of the unconfined Fn test. Flow numbers are varied
significantly depending on their ageing and moisture conditioning methods. The results
show that the GGCP has higher Fn indicated to less susceptibility to permanent
deformation. The LTA sample with a dry moisture conditioning method exhibited a
higher flow number than others moisture conditioning methods. Tables 6 show the
results of the statistical analysis of dynamic modulus test results at a 95% confidence
level (o = 0.05) indicating that a higher test temperature and the combined effects of
ageing and moisture condition had a significant influence on mixture stiffness
properties.
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Figure 5: Effects of Ageing and Moisture Conditioning Methods on Fn

Table 6: ANOVA Analysis of the dynamic modulus (E*)

Sample Source Mean Square | Df F p-value | Sig.
TT? 7.1E+07 6 449.572 | <0.001 | Yes
CPP 1.2E+06 4 7.628 | <0.001 | Yes
TT*CP 1.96E+08 24 | 1246.812 | <0.001 | Yes
Un-Aged Error 1.57E+05 70
Total 105
Corrected Total 104
R Squared = 0.999 (Adjusted R Squared = 0.999)
Sample Source Mean Square | Df F p-value | Sig.
TT? 1.55E+09 6 166.51 | <0.001 | Yes
CP® 3.40E+08 4 1901.25 | <0.001 | Yes
TT*CP 5.85E+05 24 3.26 <0.001 | Yes
STA Error 8.80E+08 70 | 4909.16
Total 105
Corrected Total 104
R Squared = 0.999 (Adjusted R Squared = 0.999)
Sample Source Mean Square | Df F p-value | Sig.
TT? 9.55E+13 6 94.70 <0.001 | Yes
CP® 4.82E+13 4 478.09 | <0.001 | Yes
TT*CP 1.3E+13 24 12.88 | <0.001 | Yes
LTA Error 1.0E+12 70
Total 105
Corrected Total 104
R Squared =0.980 (Adjusted R Squared = 0.970)

(@) TT= Test Temperature, (b) Asphalt Mastics Containing CP
Conclusions

The results indicated that the SPT test was adequate and that enhancement in the
stiffness and characterized lab-measured water sensitivity resistance for GGAM
mixtures. The SPT test was an effective tool for quantifying rutting potential with a
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better simulation of typical field behavior. The results of this testing can be considering
the effects of unconditioned versus conditioned dynamic modulus values and their
respective impacts on pavement performance in predicting pavement distresses. Good
correlations of unconfined FN, with LTA sample with a dry moisture conditioning
method. Furthermore, the results showed that the GGCP exhibited the highest
resistance to permanent deformation. This observation was also evident from the
statistical analysis. Thus, it can be concluded that there are more advantages to using
GGCP in road pavement.
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