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INTRODUCTION
In South Africa, the National 
Environmental Management Waste Act 
(Act 59 of 2008) commits the govern-
ment to, amongst others, promote “waste 
minimisation, reuse, recycling and recov-
ery of waste”. However, national waste 
information indicates that an estimated 
77% (approximately 1 000 000 tons) of 
waste glass generated in South Africa is 
being landfilled, while only 23% is recycled 
(Department of Environmental Affairs 
2017). This data highlights that a substan-
tial amount of waste glass could therefore 
potentially be recovered or diverted from 
landfill to be recycled or reused.

Additionally, considerable quantities 
of recycled crushed glass fines (less than 
5 mm in size) accumulate as stockpiles at 
glass-packaging manufacturing plants in 
Gauteng and the Western Cape provinces 
of South Africa. These processed glass 
fines, which are unusable in the glass-
packaging manufacturing process, are 

stockpiled and earmarked for disposal to 
landfill, thereby contributing to the waste 
glass that is currently being landfilled. 
This adds more undue pressure to rapidly 
depleting landfill space and has led to the 
necessity for adopting sustainable prac-
tices. Waste glass that is recovered to be 
recycled or re-used is a key component in 
this approach.

The road pavement industry in the 
international community has provided a 
number of alternative uses for recovered 
waste glass. The use of crushed glass in 
hot-mix asphalt (HMA) paving applications 
has been widely implemented in the United 
States and Canada since the early 1970s. 
Other countries that have reported using 
crushed glass in asphalt paving applications 
include the United Kingdom, Australia, 
New Zealand, Japan and Taiwan (Yamanaka 
et al 2001; Su & Chen 2002; Dane County 
Department of Public Works 2003; Arnold 
et al 2008; Australian Government 2011; 
Andela & Sorge n.d.).
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In South Africa research is currently under way to determine the suitability of using locally 
available recycled crushed glass as a partial fine aggregate substitute in the production of 
asphalt mixes. This paper characterises the laboratory performance of a dense-graded asphalt 
wearing course mix consisting of 15% recycled crushed glass. The influence of selected 
antistripping additives on moisture susceptibility was specifically assessed as a variable in 
the performance evaluation of the glass-asphalt mix as follows: (a) the effect of 1% hydrated 
lime, (b) the effect of 0.5% liquid antistripping additive, and (c) the effect without the addition 
of antistripping additive. The effect of these variables on the moisture susceptibility of the 
glass-asphalt mix was evaluated using the tensile strength ratio parameter supported with a 
microscopic imaging analysis. Additionally, the stiffness and permanent deformation properties 
of the glass-asphalt mix that demonstrated optimum resistance to moisture damage was 
compared to the same mix without crushed glass. The performance properties were evaluated 
using the Huet-Sayegh model and a polynomial model respectively, which were used particularly 
to develop performance characterisation models for the glass-asphalt mix. The findings of 
this study revealed that an anti-stripping additive is essential to meet moisture susceptibility 
criteria and alleviate moisture damage in dense-graded glass-asphalt mixes. In particular, 
moisture susceptibility was improved using hydrated lime rather than the liquid antistripping 
additive. Furthermore, the selected constitutive models were able to effectively characterise 
the laboratory performance of both mixes, with the glass-asphalt mix demonstrating improved 
resistance to permanent deformation when compared with the conventional asphalt mix.
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Early applications of crushed glass in 
hot-mix asphalt pavements in the United 
States incorporated glass particles bigger 
than 12.5 mm, with quantities in excess 
of 25% (Federal Highway Administration 
1998). The application of coarse glass par-
ticles (bigger than 5 mm) in large quantities 
was considered to be a major contribut-
ing factor to the stripping and ravelling 
problems reported in early glass-asphalt 
pavement applications. The increased 
susceptibility to stripping has also been 
attributed to the comparatively smooth sur-
face texture of glass material, which reduces 
adhesion at the bitumen-glass interface 
(Federal Highway Administration 1998). To 
avoid these concerns, various studies have 
limited the quantity of crushed glass in the 
surface course, with control limits set on 
the grading of the glass particles used. More 
recently, 10 to 15% crushed glass has been 
specified for use in asphalt wearing courses 
in the United States, while some countries, 
e.g. New Zealand, utilise as little as 5% glass 
content (Federal Highway Administration 
1998). Hughes (1990) demonstrated that the 
addition of 15% crushed glass, with a maxi-
mum particle size (MPS) of 10 mm, had a 
minor effect on the moisture susceptibility 
of a medium dense-graded glass-asphalt 
mix incorporating 1% hydrated lime. The 
Virginia Transportation Research Council 
(VTRC 1998) also reported on the superior 
stripping resistance of a fine dense-graded 
asphalt mix incorporating hydrated lime 
and consisting of up to 12% crushed glass 
(with an MPS of 10 mm), whereas the addi-
tion of a liquid antistripping additive dem-
onstrated a reduction in stripping resistance 
with an increase in crushed glass content 
(VTRC 1998).

Su & Chen (2002) reported that glass-
asphalt pavement test sections in Taiwan, 
incorporating 10% of crushed glass (with an 
MPS of 5 mm) indicated no stripping of the 
glass particles, and also no rutting of the 
glass-asphalt pavement after one year of ser-
vice. Furthermore, improved skid resistance 
along the longitudinal and transverse profile 
of the glass-asphalt pavement test sections 
was reported. Wu et al (2003) showed that 
the permanent deformation behaviour 
of a glass-asphalt mix incorporating 10% 
crushed glass (with an MPS of 5 mm) was 
comparable to a traditional dense-graded 
asphalt wearing course mix. Arabani (2010) 
observed an increase in stiffness modulus 
with an increase in crushed glass content 
up to 15%, above which reduced stiff-
ness modulus was reported. Moreover, 

the glass-asphalt mix incorporating 15% 
crushed glass indicated higher stiffness 
moduli than a traditional dense-graded 
asphalt wearing course mix at elevated tem-
peratures. Similar to the observations made 
by Su and Chen (2002) and Wu et al (2003), 
Lachance-Tremblay et al (2014) concluded 
that the addition of 10% crushed glass can 
be utilised in asphalt mixes without com-
promising the overall rutting performance 
of the asphalt mix. In South Africa, however, 
minimal research has been conducted 
on the viability of using crushed glass in 
asphalt pavement applications.

OBJECTIVE
The objective of this study was to determine 
the influence of 15% recycled crushed 
glass on the laboratory performance of a 
10 mm nominal maximum particle size 
(NMPS) medium dense-graded asphalt 
wearing course mix. The effect of selected 
antistripping additives on the moisture 
susceptibility of three such glass-asphalt 
mixes (referred to as GA Mix 1, GA Mix 2 
and GA Mix 3) was assessed in this study 
using the standard tensile strength ratio 
(TSR) parameter supported with a micro-
scopic imaging method. The mentioned 
moisture susceptibility methods were used 
to select the optimum glass-asphalt mix that 
demonstrates least resistance to moisture 
damage. The stiffness and permanent 
deformation properties of the optimum 
glass-asphalt mix was then compared to a 
conventional medium dense-graded asphalt 

wearing course mix that is typically used 
for road construction in South Africa. The 
Huet-Sayegh model was used to characterise 
the stiffness properties of both mixes and 
establish an empirical stiffness characterisa-
tion model for the glass-asphalt mix tested. 
Additionally, an alternative mathematical 
model, which makes use of a polynomial 
modelling technique, was used to character-
ise the permanent deformation resistance of 
both mixes, which was also validated with 
the Francken model.

MATERIALS AND MIX DESIGN

Aggregate material and 
design aggregate grading
The same aggregates (i.e. andesite, granite 
and mine sand) that were used in the con-
ventional mix were utilised in the production 
of the glass-asphalt mix. The granite crusher 
sand was partially substituted with 15% of 
recycled crushed glass due to the similar 
particle size distribution of both materials. 
The composition of recycled crushed glass 
was selected based on previous studies 
(mentioned above) indicating an optimum 
crushed glass content of 10 to 15%. The com-
bined grading of the individual aggregates, 
crushed glass material and mineral filler 
was optimised to represent a similar design 
aggregate grading to the conventional mix by 
using a non-linear least-square optimisation 
technique in Microsoft Excel 2013.

Table 1 indicates the percentage 
composition of each aggregate type and 

Table 1 Asphalt mix proportions and design aggregate grading

Aggregate type and size
Asphalt mix proportions (%)

Glass-asphalt mix Conventional asphalt mix

Andesite 10 mm 28 28.5

Andesite 7.1 mm 17 12.5

Andesite crusher dust (<5 mm) 22 26

Granite crusher sand (<5 mm) 11 26

Mine sand (<0.6 mm) 6 6

Crushed glass (<5 mm) 15 –

Filler: hydrated lime 1 1

Design aggregate grading

Sieve size (mm) 14 10 7.1 5 2 1 0.6 0.3 0.15 .075

Percentage by mass passing (%)

Glass-asphalt mix 100 99 78 60 40 27 21 15 9 5.4

Conventional asphalt mix 100 97 75 59 42 30 21 14 9 5.8

Grading specification minimum 100 80 32 4

Grading specification maximum 100 67 10
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the mineral filler required to achieve the 
conventional mix design aggregate grad-
ing. It can also be observed that the design 
grading meets the grading control points 
specified for a 10 mm NMPS dense-graded 
asphalt mix as per standard design practices 
for traditional asphalt mixes in South Africa 
(Sabita 2016). NMPS is defined in South 
Africa as “one sieve size larger than the larg-
est sieve to retain a minimum of 15% of the 
aggregate particles” (Sabita 2016).

Crushed glass material
The recycled crushed glass was procured 
from a glass manufacturing plant located in 
the Gauteng Province of South Africa. The 
type of glass that was used in this study is 
soda-lime glass. The general composition 
of soda-lime glass is as follows: 70–74% sili-
con dioxide (SiO2), 10–14% calcium oxide 
(CaO) and 13-16% sodium oxide (Na2O). 
The chemical composition of the glass 
material used in this study was obtained 
by means of X-ray fluorescence (XRF). 
The analysis on a sample of the material 
revealed a chemical composition of 72% 
SiO2, 10% CaO and 13% Na2O. Other 
compounds were also present in smaller 
amounts and included 2.5% aluminium 
oxide (Al2O3), 0.1% chromium oxide 
(Cr2O3) and 0.7% iron oxide (Fe2O3).

It is known that aluminium and chro-
mium compounds are present in higher 
levels of amber and green-coloured glass 
respectively. Additionally, iron compounds, 
carbon and sulphur are also used as dif-
ferent colouring agents. The effect of these 

elements on long-term asphalt performance 
characteristics, as well as the long-term 
environmental impact, requires future 
investigation.

The particle size distribution of the 
crushed glass is reported in Table 2 and 
represents a fine continuous grading with 
an MPS of 5 mm.

The microscopic morphology of the 
crushed glass material was examined by 
scanning electron microscopy (SEM). 
The SEM examinations indicate that the 
crushed glass consists mainly of fine angu-
lar particles with fine-to-coarse textured 
features present on the surfaces of the glass 
particles, as shown in Figure 1. Also, due 
to the fine grading of the crushed glass 
material, reduced quantities of elongated 
particles and very few particles with sharp 
edges can be observed.

The observed angularity is also con-
sistent with the fine aggregate angularity 
(FAA) test results obtained from the FAA 
test, which was performed on the crushed 
glass material and the traditional fine 
aggregates in accordance with ASTM C 
1252 (2003). The FAA test measures the 
loose uncompacted void content of the fine 
aggregates and assumes a higher angularity 
with a higher uncompacted void content. 
The results are compared in Table 3. It can 
be observed that the crushed glass demon-
strates increased angularity (50.9%) in com-
parison with the fine andesite (44.6%) and 
fine granite (45.0%) aggregates. This can 
be desirable in glass-asphalt mixes because 
angular particles interlock better with each 

other, thereby providing adequate inter-
particle friction necessary to resist perma-
nent deformation of the mix. Furthermore, 
the crushed glass material and fine 
aggregates meet the minimum criteria of 
45% for a design traffic level of 30 million 
equivalent standard axle loads (ESALs), as 
specified in AASHTO M323 (2013).

An X-ray diffraction (XRD) analysis was 
also conducted on the entire grading of the 
recycled crushed glass material to identify 
the percentage composition of amorphous 
(non-crystalline) silica, i.e. glass, present in 
the sample. This provides an indication of 
the relative degree of “cleanliness or purity” 
of the recycled crushed glass obtained from 
the glass provider in South Africa.

Table 4 indicates the percentage com-
position of amorphous silica versus crystal-
line silica present in the sample of recycled 
crushed glass. The form of crystalline 
silica identified in the recycled crushed 
glass sample is quartz, which is the most 
common form of crystalline silica and is a 
mineral commonly found in most rocks, 
sands and soils.

It can be observed that on average more 
than 90% of the recycled crushed glass 
sample comprises amorphous silica, while 
less than 10% comprises crystalline silica. 
The locally available source of recycled 
crushed glass therefore demonstrates a 

Table 2 Particle size distribution of recycled crushed glass

Sieve size (mm) 5 2 1 0.6 0.3 0.15 0.075

Recycled crushed glass (%) 100 82 46 27 15 8 4.3

Table 3  Uncompacted void content of fine 
aggregates and crushed glass

Aggregate
Uncompacted 

void content (%) 

Andesite crusher dust 44.6

Granite crusher sand 45.0

Recycled crushed glass 50.9

Glass Consol200 μm EHT = 15.00 kV Mag = 50 X Signal A = BSD1 Glass Consol20 μm EHT = 15.00 kV Mag = 200 X Signal A = BSD1

(a) (b)

Figure 1  SEM image showing (a) angularity and (b) surface texture of recycled crushed glass particles – Scale: (a) 200 µm, Mag 50× (b) 20 µm, Mag 200×
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high degree of purity and may hence be 
considered favourably for application in 
glass-asphalt mixes.

Antistripping additives 
and mineral filler
Hydrated lime (1% by mass of dry aggre-
gate) constituted the filler component and 
served as an antistripping additive in GA 
Mix 1. The incorporation of 1% hydrated 
lime was selected based on the maximum 
specified amount allowed for inclusion 
in dense-graded asphalt mixes in South 
Africa (Sabita 2016). The hydrated lime was 
introduced into the mix by firstly mixing it 
with the cold aggregates and crushed glass, 
and then reheating to 165°C before mixing 
with bitumen.

A liquid antistripping additive (0.5% 
by volume of binder) was applied to GA 
Mix 2. The liquid additive, namely WETFIX 
BE, is an amine surfactant and is specially 
designed to improve the adhesion between 
the bitumen and aggregate surfaces in 
hot-mix asphalt. Additionally, its heat 
stability allows it to be stored in hot bitu-
men for up to five days at temperatures 
up to 170°C without losing its properties. 
This additive is often used as an adhesion 
promoter in hot-mix asphalt production in 
South Africa. The liquid additive was added 
to the binder according to the supplier’s 

recommendations, and involved heating 
the original binder to approximately 150°C 
(mixing temperature), maintaining the same 
temperature while blending in the liquid 
additive, using a high-shear blender, for one 
hour. The blended binder was thereafter 
maintained at the same temperature and 
immediately incorporated into the mix.

To investigate the effect of the liquid 
antistripping additive on the moisture sus-
ceptibility of GA Mix 2, as well as similar 
effects on the moisture sensitivity of GA 
Mix 3 without an antistripping additive, 
the mineral filler in GA Mixes 2 and 3 
consisted of 1% (by mass of dry aggregate) 
of baghouse fines instead of hydrated lime. 
Although the type of mineral filler varied, 
the design grading of all three mixes was 
not affected, due to similar particle size 
distribution of both filler components.

Mix design and optimum 
binder content
The South African mix design guideline for 
dense-graded asphalt mixes (Sabita 2016) was 
followed to determine the optimum binder 
content of GA Mixes 1, 2 and 3, as well as 
the conventional asphalt mix. In total, 80 
samples were prepared for the mix design. 
The same binder, i.e. 50–70 penetration 
grade binder with penetration (25°C, 100 g, 
0.1 mm) of 65 and softening point after 

rolling thin film oven (RTFO) aging at 47°C, 
that was utilised in the conventional mix 
was used to prepare the glass-asphalt mixes. 
The constituent aggregates (as per the design 
aggregate grading), respective mineral fillers 
and the binder were mixed at a temperature 
of 150°C and the prepared mixtures were 
then short-term-aged at 135°C for four hours. 
The mixtures were thereafter compacted at 
135°C using a Superpave Servopac gyratory 
compactor in accordance with AASHTO 
T312 (2015a). Compaction was conducted 
at four trial binder contents (i.e. 4.0, 4.5, 5.0 
and 5.5%) to dimensions of approximately 
150 mm diameter by 115 mm height at 100 
gyrations. The South African mix design 
method specifies a laboratory compaction 
requirement of 100 gyrations for a design 
traffic level of 3 to 30 million ESALs.

The bulk relative density (BRD) of three 
replicate compacted samples at each trial 
binder content was determined in accor-
dance with SANS 3001-AS10 (SANS 2011a). 
Additionally, the maximum theoretical 
relative density (MTRD) for each asphalt 
mix was determined on two loose samples 
at each trial binder content in accordance 
with SANS 3001-AS11 (SANS 2011b). The 
average laboratory measured MTRD values 
and BRD values were used to determine 
the voids of the compacted samples, as 
presented in Table 5.

The South African mix design method 
specifies the optimum bitumen binder 
content to be established at 4% air voids in 
the mix. As per this criterion, an optimum 
binder content of 5.4% for GA Mixes 1, 2 
and 3, and 5.2% for the conventional mix 
was determined. Although the particle size 
distribution of the crushed glass and the 
granite crusher sand is similar, the crushed 
glass is on average 15% finer between 1 mm 
and 2 mm particle size. It is suspected that 
the incorporation of finer crushed glass may 
have contributed to higher optimum binder 
content in comparison with the conventional 
mix, owing to a larger surface area.

Table 4 X-ray diffraction analysis of crushed glass

Crushed glass particle size Amorphous silica (%) Crystalline silica (%)

Passing 0.075 mm 83.67 14.36

0.075 mm 86.75 12.57

0.15 mm 89.05 9.47

0.3 mm 91.66 6.69

0.6 mm 95.82 2.75

1 mm 97.56 1.37

2 mm 97.19 1.27

5 mm 97.04 1.05

Table 5 BRD, MTRD and voids after 100 gyrations

Bitumen
binder 

content
(%)

BRD MTRD
Voids 

(%)
BRD MTRD

Voids 
(%)

BRD MTRD
Voids 

(%)
BRD MTRD

Voids 
(%)

GA Mix 1 GA Mix 2 GA Mix 3 Conventional mix

4.0 2.378 2.616 9.1 2.385 2.620 9.0 2.380 2.617 9.1 2.446 2.645 7.5

4.5 2.410 2.592 7.0 2.414 2.595 7.0 2.410 2.598 7.2 2.479 2.618 5.3

5.0 2.438 2.576 5.4 2.443 2.581 5.4 2.439 2.578 5.4 2.508 2.604 3.7

5.5 2.462 2.557 3.7 2.467 2.561 3.7 2.462 2.559 3.8 2.528 2.583 2.1
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LABORATORY PERFORMANCE 
TESTING PROGRAM

Mix sample preparation
The performance testing samples were man-
ufactured at a mixing temperature of 150°C 
and a compaction temperature of 135°C. 
Prior to compaction, the asphalt mixtures 
were shot-term-aged (to simulate the ageing 
process that occurs during the asphalt pro-
duction phase and the transportation phase) 
for four hours at the compaction tempera-
ture. The moisture susceptibility test samples 
were compacted to dimensions of 150 mm 
diameter by 60 mm height, and the stiffness 
and permanent deformation test samples 
were compacted to dimensions of 100 mm 
diameter by 150 mm height. The test samples 
were compacted at the determined optimum 
binder content to a target air void content 
of approximately 7% (representative of field 
voids). Compaction of the samples to the tar-
get height and air voids was achieved after 90 
to 120 gyrations using a Superpave Servopac 
gyratory compactor in accordance with 
AASHTO T312 (2015a). In total, 30 samples 
were prepared to characterise and compare 
the performance of the glass-asphalt mix 
with the conventional mix.

Modified Lottman testing
The Modified Lottman test, conducted in 
accordance with ASTM D4867M (2009), 
was performed to assess the moisture sus-
ceptibility of GA Mixes 1, 2 and 3. Six gyra-
tory compacted test samples for each glass-
asphalt mix were prepared and divided into 
two subsets. One subset was maintained dry 
while the other underwent a partial satura-
tion (55% – 80% saturation) and freeze-thaw 
conditioning process. Although the freeze 
cycle is optional in ASTM D4867M (2009), 
this conditioning process was included since 
the asphalt mix contains glass particles, 
which makes it more prone to moisture 
damage than traditional aggregates (Federal 
Highway Administration 1998). In addition, 
the glass particles require additional treat-
ment with anti-stripping additives. The aim 
was to therefore simulate conditioning that 
is more severe than conditioning expected 
in the field.

The indirect tensile strength (ITS) of 
each subset was determined by the indirect 
tensile splitting test. During testing, a dia-
metrical load at 50 mm/min at 25°C was 
applied until the maximum load required 
to fracture the samples was reached. The 
maximum load was used to determine the 
ITS for each subset.

Additionally, ASTM D4867M (2009) 
specifies a visual assessment to be con-
ducted on the fractured (tested) samples. 
This assessment entails breaking the tested 
samples open and reporting on the visu-
ally estimated degree of moisture damage. 
To eliminate visual judgement and biased 
interpretation associated with the current 
standard of visual inspection and reporting, 
a microscopic imaging analysis was imple-
mented in this study to assess the degree 
of stripping that had occurred in each mix. 
One fractured sample from the wet subset 
of each mix was examined under a stereo 
microscope at a 6× zoom magnification. 
To obtain a representative area, several 
sections of dimension 22.05 mm (width) by 
14.68 mm (height), each spanning over the 
cross-sectional area of the fractured sample, 
were examined under the microscope.

The microscopic sections were captured 
by a built-in integrated digital camera and 
the resulting images were imported into 
ImageJ 1.52a, which is the public domain 
Java Image processing program, inspired by 
the National Institute of Health (NIH). In 
ImageJ, the captured images were convert-
ed to 8-bit greyscale images which consist 
of 256 levels of grey intensity per pixel that 
range from 0 (black) to 255 (white). The 
variation in grey intensity levels is depen-
dent on the densities of each component 
material in the mix. Dense materials are 
represented by the brighter regions, while 
low density materials are represented by 
the darker regions. As such, in this analysis 
the exposed aggregates correspond to the 
brighter regions and the bituminous-coated 
aggregates, mastic and voids correspond 
to the darker regions. Since the pixel grey 
values of the exposed aggregates and the 
remaining material phases (i.e. bituminous-
coated aggregates, mastic and voids) were 
distinctly different from each other, a 
threshold value of 65 was easily selected 
to distinguish between the two regions. 
This threshold value was considered to be 
most accurate in identifying the areas of 
stripping and was consistently applied in 
all three mixes for realistic comparison. 
The applied threshold level converts the 
image to a binary image, where all pixels 
in the greyscale image greater than the 
threshold value are replaced with the value 
255 (white) and the remaining pixels with 
the value 0 (black). The binary images were 
used to quantify the degree of stripping by 
measuring the area of white pixels (area of 
exposed aggregates) as a ratio to the area 
of the sum of white and black pixels (total 

sample surface area) for each mix. The area 
measurement of white and black pixels was 
automatically computed in the software.

Light reflection off the coated crushed 
glass fines was noted in particular during 
microscopic examinations of the glass-
asphalt samples. The reflection was indi-
cated by an even and consistent distribution 
of bright speckles in the captured images of 
all three mixes and were thus identified as 
white pixels in the binary image. It should 
be noted that similar reflection was also 
noted in the unconditioned samples, when 
examined under the microscope. To avoid 
processing and analysis of these reflections, 
particles up to and including 0.15 mm for all 
three mixes were removed from the binary 
image prior to stripping area measurement. 
This was performed in ImageJ using the 
‘particle analyser’ function, where only par-
ticles bigger than 0.15 mm were processed 
and analysed.

The steps implemented during the imag-
ing analysis are summarised in Figure 2. 
One section captured per sample of each 
glass-asphalt mix (GA Mixes 1, 2 and 3) is 
illustrated, while the same steps were fol-
lowed to obtain the percentage of stripping 
across several sections of the sample.

Dynamic modulus testing
The dynamic modulus |E*| is a perfor-
mance-related parameter that is used to 
characterise the resilient response (stiff-
ness) of hot-mix asphalt. The dynamic 
modulus is defined by the absolute value of 
the complex modulus, E*.

The dynamic modulus test was conduct-
ed on the optimum glass-asphalt mix and 
the conventional mix in accordance with the 
CSIR (Council for Scientific and Industrial 
research) protocols developed for the asphalt 
industry in South Africa (Anochie-Boateng 
et al 2010). During the test, a haversine 
compressive load pulse was applied on three 
replicate gyratory compacted samples at five 
test temperatures (-5, 5, 20, 40, 55°C) and six 
loading frequencies (25, 10, 5, 1, 0.5, 0.1 Hz) 
with no confining pressure. The vertical 
deformation of the samples was determined 
by recording the average measurements 
of three axial linear variable displacement 
transducers (LVDTs). The dynamic modulus 
of the samples tested was computed by 
recording the axial stresses and the resulting 
axial resilient strains for the last five load 
cycles for each test. A strain-controlled type 
of dynamic modulus testing was followed 
such that the measured strain was limited to 
approximately 100 micro-strain.
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Glass-asphalt mix

GA Mix 1 GA Mix 2 GA Mix 3

Original image

8-bit greyscale image conversion

Binary image conversion (with reflecting glass particles)

Elimination of reflecting particles ≤ 0.15 mm

Stripping and sample surface area determination

Precentage stripping computation

1.1 % 1.6 % 11.5 %

Figure 2  Microscopic imaging analysis methodology used in this study
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Flow number testing
In this study, the flow number test was 
conducted to evaluate the permanent 
deformation resistance of the glass-asphalt 
mix and the conventional mix. The asphalt 
mixture performance tester (AMPT) 
permanent deformation test procedure, 
specified in AASHTO TP 79 (2015b), was 
used to conduct the flow number test on 
three replicate gyratory compacted samples. 
The flow number test entails the application 
of a repeated compressive haversine load at 
1 Hz (i.e. one cycle with a loading time of 
0.1 seconds and a rest period of 0.9 seconds) 
and a measure of the corresponding cumu-
lative axial permanent strain as a function 
of load cycles. In this study, a deviator stress 
level of 276 kPa with a confining pressure of 
69 kPa was applied on the test samples and 
conducted at a test temperature of 50°C.

The cumulative permanent axial strain 
response is typically divided into three main 
phases, i.e. primary, secondary and tertiary. 
The cycle number at which tertiary flow 
(i.e. tertiary stage) of the mix commences 
is defined as the flow number. Thus, it is 
considered that the permanent deformation 
failure of the asphalt mix occurs at the onset 
of tertiary flow and is indicative of the resis-
tance of the mix to permanent deformation.

RESULTS AND DISCUSSIONS

Moisture susceptibility evaluation
Moisture damage may occur due to the 
loss of strength and durability in an asphalt 
mix in the presence of moisture. Moisture 
permeates and weakens the bond between 

the mastic (i.e. binder and mineral filler) and 
the aggregates in the mix, making the mix 
more susceptible to moisture damage during 
cyclic loading. The moisture susceptibility 
of the mix was evaluated by the tensile 
strength ratio (TSR), which was determined 
by the ratio of the average ITS of the wet 
subset to the average ITS of the dry subset. 
The results are presented in Figure 3.

It can be observed from the results that 
the incorporation of hydrated lime in Mix 1 

contributes towards the enhanced dry 
strength in comparison with Mixes 2 and 
3. It is also apparent from the percentage 
reduction in strength of the conditioned 
subset of Mix 1 (i.e. 11%) in comparison with 
Mix 2 (i.e. 20%) that the role of the hydrated 
lime as an antistripping additive in the 
presence of water is considerably more effec-
tive than the liquid antistripping additive. 
Although a larger reduction in dry strength 
is noted for Mix 2 in comparison with Mix 3, 
the percentage reduction in strength of the 
conditioned subset of Mix 2 (i.e. 20%) is not 
as pronounced as in the case of Mix 3 (i.e. 
24%), which is expected due to the absence 
of an antistripping additive in Mix 3.

It is interesting to note that Mix 2, which 
contains a liquid antistripping additive, indi-
cates the lowest dry strength in comparison 
with Mixes 1 and 3. The liquid additive may 
thus have an adverse effect on the strength 
of asphalt mixes, although the moisture 
susceptibility may improve. This observation 
is in line with the general notion that liquid 
additives like these cause early pavement 
failures such as rutting, even although they 
are known to improve moisture susceptibility 
(Iowa Department of Transportation 2012).

In South Africa, a minimum tensile 
strength ratio of 0.8 for asphalt wearing 
courses is specified (Sabita 2016). It can be 
seen in Figure 3 that GA Mixes 1 and 2 meet 

Figure 3  Moisture susceptibility evaluation of glass-asphalt Mixes 1, 2 and 3
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Table 6 Microscopic imaging analysis of glass-asphalt mix

Analysed 
sample sections

Area of white 
pixels (mm2)

Total pixels
(mm2)

Area of 
white pixels (%)

Total area of 
white pixels (%)

GA Mix 1

1 3.6 323.3 1.1

6.2

2 1.9 323.3 0.6

3 5.1 323.3 1.6

4 0.6 323.3 0.2

5 4.9 323.3 1.5

6 3.9 323.3 1.2

GA Mix 2

1 2.1 323.3 0.6

9.9

2 5.2 323.3 1.6

3 13.3 323.3 4.1

4 1.4 323.3 0.4

5 4.9 323.3 1.5

6 5.4 323.3 1.7

GA Mix 3

1 10.4 323.3 3.2

46.4

2 18.3 323.3 5.7

3 30.9 323.3 9.6

4 37.2 323.3 11.5

5 33.2 323.3 10.3

6 19.6 323.3 6.1
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the minimum tensile strength ratio criteria, 
whereas GA Mix 3 fails to comply with the 
specified requirement. Based on the TSR as a 
reliable indicator of moisture susceptibility, it 
is anticipated that GA Mix 1 will be less sus-
ceptible to moisture damage than GA Mix 2, 
while GA Mix 3 is expected to demonstrate 
the least resistance to moisture damage.

From the microscopic image analysis 
conducted on several sections of the frac-
tured conditioned sample, the ratio of the 
area of white pixels (exposed aggregates) to 
the ratio of the total area of white and black 
pixels (exposed aggregates and bituminous-
coated aggregates) was determined from 
the processed binary images to quantify 
the degree of stripping for GA Mixes 1, 2 
and 3, according to the method described 
earlier. The results of this analysis are 
reported in Table 6.

The results show a clear variation in 
the degree of stripping with the addition 
of both antistripping additives. A signifi-
cant reduction in the area of white pixels 
(stripped areas) can be observed for GA 
Mixes 1 and 2 compared to GA Mix 3. 
The total area of white pixels reduces from 
approximately 47% (GA Mix 3) to less than 
10% (GA Mixes 1 and 2). These results 
confirm the effectiveness of antistripping 
additives in significantly improving the 
moisture susceptibility of glass-asphalt 
mixes. Moreover, the addition of hydrated 
lime appears to reduce the stripped areas 
slightly more than the liquid antistripping 
additive, although a major distinction was 
not apparent from the microscopic images.

It is evident from the above evalua-
tion that both methods appear to rank 
the moisture susceptibility of GA Mixes 
1, 2 and 3 in the same order, as reported 
in Table 7. The ranking of 1 to 3 indicates 
least to most moisture susceptible. Based 
on these rankings, GA Mix 1 was selected 
as the optimum glass-asphalt mix on which 
further investigation regarding the stiffness 
and permanent deformation properties were 
conducted. It is also recommended that 
microscopic imaging techniques be used as 
a tool to validate the TSR results of mixes 
that are susceptible to moisture damage.

Stiffness evaluation

Dynamic modulus modelling
The dynamic modulus behaviour of the GA 
Mix 1 and conventional mix was evaluated 
using the Huet-Sayegh model. The Huet-
Sayegh model uses physical elements to 
describe the dynamic modulus behaviour 
of HMA materials and is represented by 
a combination of two units connected in 
parallel, i.e. a spring, E∞ – E0, and two 
bi-parabolic dashpots, h and k, connected 
in series with a spring, E0, connected in 
parallel, as shown in Figure 4.

The associated mathematical expression 
of dynamic modulus for the Huet-Sayegh 
model is determined by Equation 1 
(Nilsson et al 2002).

|E*(iωτ)| = E0 + 
E∞ – E0

1 + δ(iωτ)–k + (iωτ)–h
  (1)

Where:
 |E*| =  dynamic modulus
 i2 =  complex number, defined by i2 = –1
 ω = angular frequency (Hz), ω = 2πf
E0, E∞, δ, k, h, τ = model constants

In Equation 2, E∞ represents the purely elas-
tic component (E* for the high frequency 

and low temperature domain) of the com-
plex modulus, while E0 represents the long-
term elastic modulus (residual E* for the low 
frequency and high temperature domain). 
δ, k, and h represent the parameters of the 
parabolic elements of the Huet-Sayegh 
model and τ is the retardation time regard-
ing the effect of temperature on the complex 
modulus, which is defined as per Equation 2.

τ = ea + bT + cT 2
 (2)

Where:
 τ = retardation time (s)
 T = temperature (°C)
a, b, c = regression constants

In this paper, the measured dynamic modu-
lus data of GA Mix 1 and the conventional 
mix is represented by the Huet Sayegh model 
in the Black Space diagram shown in Figure 5 
(p 18). The Black Space diagram presents a 
plot of the phase angles and the correspond-
ing dynamic moduli at the tested tempera-
ture and frequency. For bituminous materials 
the viscous or elastic properties are indicted 
by the phase angle. The phase angle for a 
purely elastic material is 0°, while for a purely 
viscous material the phase angle is 90°.

The purely elastic modulus is obtained 
when the phase angle approaches zero, 
resulting in the storage modulus approach-
ing the elastic modulus, and the loss modu-
lus approaching zero. The purely elastic 
parameter E∞ was obtained from the Black 
diagram by extrapolating the curve to zero 
phase angle, as shown in Figure 5. The deter-
mination of the remaining five parameters, 
E0, δ, k, h and τ was performed graphically 
such that the measured data is most accu-
rately represented by the model in the Black 
diagram. This was obtained by a non-linear 
least-squares regression of the set of mea-
sured dynamic moduli and corresponding 
phase angles at the respective test frequen-
cies and temperatures. The regression was 
carried out using the Solver function in 
Microsoft Excel 2013. It can be observed that 
the use of the Huet-Sayegh model provides 
an excellent fit for the measured dynamic 
modulus data. The obtained Huet-Sayegh 
model parameters, at a reference tempera-
ture of 20°C, are provided in Table 8.

Table 7 Moisture susceptibility ranking for GA Mixes 1, 2 and 3

Glass-asphalt mix Performance ranking TSR*
Microscopic image 

analysis (%)

GA Mix 1 1 0.89 (1) 6.2 (1)

GA Mix 2 2 0.80 (2) 9.9 (2)

GA Mix 3 3 0.76 (3) 46.4 (3)

* Minimum TSR criteria (South Africa) = 0.8

E0

E∞ – E0 k h

Figure 4  Representation of Huet-Sayegh 
model (Nilsson et al 2002)

Table 8 Determination of Huet-Sayegh model parameters

Asphalt mix E0 E∞ δ k h τ

Glass-asphalt 53 31000 2.3699 0.1932 0.6188 0.01863

Conventional 55 32000 2.5014 0.2047 0.6533 0.02106
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The obtained Huet-Sayegh model 
parameters were used to establish an empir-
ical model for the prediction of dynamic 
modulus of the glass-asphalt mix tested, 
as described in Equation 3. Validation of 
the model parameters will, however, be 
conducted when additonal laboratory and 
actual field testing data becomes available.

|E*(iω)| = 53 + 
31 000 – 53

1 + 2.37(iω0.02)–0.19 
+ (iω0.02)–0.62

 (3)

Dynamic modulus results
A comparative plot of the Huet-Sayegh 
model for both mixes at 20°C, 40°C and 
55°C in the Black Space diagram is present-
ed in Figure 6. Lower phase angles for GA 
Mix 1 in comparison with the conventional 
mix can be observed at 40°C and 55°C. 
The lower phase angles indicate a tendency 
towards more elastic behaviour due to 
the aggregate skeleton taking precedence 

in the mix. At elevated temperatures, the 
binder in the mix becomes more viscous 
and the load carrying capacity is gradually 

transferred to the aggregate skeleton, while 
at low temperatures it is the binder that 
determines the load-carrying capacity of 
the mix. In this regard, a stable aggregate 
skeleton with optimal aggregate interlock 
contributes to increased effective stiffness 
at elevated temperatures.

As previously mentioned, the glass 
particles utilised in this study demonstrate 
higher angularity than the traditional 
aggregates. The higher angularity in turn 
increases the interlock between the 
crushed glass particles and constituent 
aggregates in the mix, and could be a con-
tributory factor towards the increased stiff-
ness observed with the glass-asphalt mix at 
40°C and 55°C. It can also be observed that 
the phase angles for both mixes at 20°C are 
comparable, reflecting comparable stiffness 
at intermediate temperatures.

Permanent deformation evaluation

Permanent deformation modelling
The flow number is an indicator of asphalt 
mix rutting resistance and was used in this 
study to compare the permanent deforma-
tion resistance of GA Mix 1 and the con-
ventional mix. The flow number is defined 
by the number of cycles at which the rate 
of change of permanent strain is minimum 
and corresponds with the onset of tertiary 
flow. Inaccuracies in flow number deter-
mination may arise when the minimum 
permanent strain rate is merely obtained 
from the laboratory measured results, due to 
existing variation/noise in the experimental 
data. Additionally, there is an infinite 
number of cycles in the secondary stage 
where the constant permanent strain slope 
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is minimum. As a result, various algorithms 
have been proposed for identifying the flow 
number in the flow number test. Most of 
the proposed algorithms, however, are only 
capable of modelling the primary and sec-
ondary phases of permanent strain and pose 
a challenge in representing a good-fitting 
three-phase permanent deformation model 
where the tertiary phase is also encoun-
tered. AASHTO TP 79 (2015b) refers to the 
Francken model as most accurate for flow 
number computation. The Francken model 
combines a power model, which describes 
the primary and secondary phases of 
permanent deformation and an exponential 
model, which describes the tertiary phase.

In this study, an alternative math-
ematical model, which makes use of a 
polynomial modelling technique for flow 
number determination, is used to compare 
the permanent deformation resistance of 
the glass-asphalt mix and the conventional 
mix, and the results are validated with 
the Francken model computation of flow 
number. The analysis methodology of each 
model used for identifying the flow number 
is described next.

Polynomial model
During the secondary stage of permanent 
deformation, the rate of change of strain 
(strain slope) is considered to reach a 
minimum after a certain number of 
loading cycles. The polynomial model is 
implemented in this region of the perma-
nent deformation curve, whereby a second-
degree polynomial curve, in the form of 
Equation 4, is used to model the measured 
rate of change of permanent strain.

εp = a + bN + cN 2 (4)

Where:
 εp = permanent strain rate
 N = load cycle
a, b and c = regression coefficients

The flow number is determined by setting 
the first derivative of Equation 4 to zero 
and solving for the number of load cycles 
(N), as described in Equation 5.

dεp

dN
 = b + 2cN = 0 (5)

Figure 7 presents the polynomial model used 
to describe the average measured permanent 
strain rate of GA Mix 1 and the conventional 
mix as a function of load cycles. The coeffi-
cients of the polynomial model were obtained 

from a non-linear least-squares regression of 
the set of measured permanent deformation 
data. The regression was carried out using 
the Solver function in Microsoft Excel 2013. 
The determined coefficients of the model are 
provided in Table 9.

The obtained regression coefficients 
of the polynomial model were used to 
determine the flow number values using 
the approach mentioned above. The flow 
number (FN) obtained for GA Mix 1 and 
the conventional mix was determined at 
331 and 257 load cycles, respectively.

Francken model
The Francken model is described by 
Equation 6.

εp(N) = ANB + C(eDN – 1) (6)

Where:
 εp(N) = permanent strain (%)
 N = number of load cycles
A,B, C and D = regression coefficients

Figure 8 shows the Francken model 
which was used to model the permanent 
deformation behaviour of GA Mix 1 and 
the conventional mix. The coefficients of 
the Francken model were also obtained 
from a non-linear least-squares regression 
of the set of measured permanent 
deformation data. The determined 
coefficients of the model are provided 
in Table 10 and were used to determine 

Table 9 Determination of polynomial regression coefficients

Asphalt mix a b c

GA Mix 1 3.3020E–03 –6.1095E–06 9.2356E–09

Conventional 4.7541E–03 –9.5882E–06 1.8533E–08
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the flow number of GA Mix 1 and the 
conventional mix by equating the second 
derivative of the model, described in 
Equation 8, to zero and solving for the load 
cycle number (N). The model coefficients 
were also used to plot the permanent 
deformation rate (strain slope) and are 
described by the first derivative of the 
model (Equation 7).

dεp

dN
 = (ABN(B – 1)) + (CDeDN) (7)

d2εp

dN2
 = (AB(B – 1)N(B – 2)) + (CD2eDN) (8)

Graphically this cycle number is repre-
sented at the point where the curvature of 
the fitted permanent deformation curve 

changes from negative to positive, and 
is considered to be the onset of tertiary 
(plastic) flow in asphalt mixes. The flow 
number for GA Mix 1 and the conventional 
mix was obtained at 353 and 271 load 
cycles respectively.

A comparison of the flow number 
results obtained using the polynomial 
model and the Francken model revealed 
the statistical information provided in 
Table 11. Very similar flow number results 
are obtained from both models, with a 
coefficient of variance (CoV) less than 5% 
for the glass-asphalt mix as well as for the 
conventional mix. It is therefore reasonable 
to consider the polynomial model as accu-
rate and applicable for the determination 
of flow number for both glass-asphalt and 
conventional asphalt mixes.

Permanent deformation results
From the determined flow number values, 
it is apparent that the glass-asphalt mix 
has an increased resistance to permanent 
deformation than the conventional mix, 
as represented by a higher flow number. 
This observation is also consistent with the 
improved stiffness behaviour indicated by 
the glass-asphalt mix at elevated tempera-
tures (40°C and 55°C) described earlier in 
this paper.

The higher flow number may be attrib-
uted to the highly angular glass particles 
which provide adequate interlock to gener-
ate the inter-particle friction necessary to 
resist permanent deformation. This was 
also observed through an SEM analysis 
conducted by Anochie-Boateng and George 
for the same source and grading of recycled 
crushed glass in an asphalt mix (Anochie-
Boateng & George 2018). The SEM analysis 
demonstrated high angularity and in turn 
increased interlock between the constituent 
particles in comparison with a traditional 
asphalt mix incorporating less angular 
aggregates (see Figure 9).

CONCLUSIONS
The effectiveness of selected antistripping 
additives in resisting moisture damage 
was assessed as a variable in the labora-
tory performance evaluation of a 10 mm 
medium dense-graded asphalt wearing 
course mix consisting of 15% recycled 
crushed glass as follows: (1) effect of 1% 
hydrated lime, (2) effect of 0.5% liquid 
antistripping additive, and (3) effect 
without the addition of an antistripping 
additive. The effect of these variables on 

Table 10 Francken model regression coefficients

Asphalt mix A B C D

GA Mix 1 2.5759E-01 3.1425E-01 6.2991E-02 3.5671E-03

Conventional mix 2.0258E-01 3.60333+252E-01 1.7257E-01 3.3505E-03

Table 11 Statistical analysis of modelled flow number (FN) results

Asphalt mix
FN: 

Polynomial 
FN: 

Francken 
Mean STDEV CoV

GA Mix 1 331 353 342 15.6 4.5%

Conventional mix 257 271 264 9.9 3.7%
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Figure 8  Francken model describing permanent deformation of (a) glass-asphalt mix and 
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the moisture susceptibility of the glass-
asphalt mix was determined from the TSR 
obtained from the Modified Lottman test, 
supported with a microscopic imaging 
analysis conducted on tested Modified 
Lottman samples. The stiffness and 
permanent deformation properties of the 
glass-asphalt mix that demonstrated opti-
mum resistance to moisture damage were 
thereafter compared to a conventional 
asphalt mix (without crushed glass). The 
Huet-Sayegh model and a polynomial 
model were used to characterise the stiff-
ness and permanent deformation behav-
iour respectively. The following conclu-
sions can be drawn from this research:

 Q The recycled crushed glass material 
evaluated in this study is potentially 
capable of substituting traditional fine 
aggregates that are typically used in 
asphalt mixes in South Africa. This is 
based on the improved rutting perfor-
mance demonstrated by the glass-asphalt 
mix in comparison with the conventional 
asphalt mix at elevated temperatures.

 Q The polynomial model is suitable 
for determining the flow number of 
the conventional and glass-asphalt 
mixes, which was validated with the 
Francken model. Similarly, the Huet-
Sayegh model is capable of accurately 
characterising the resilient response 
over the tested range of frequencies 
and temperatures. The determined 
model parameters are hence adequate to 
establish a dynamic modulus predictive 
model for the glass-asphalt mix, which 
would, however, require validation 
with additional laboratory and field 
performance data.

 Q It was found that an antistripping 
additive is required to meet moisture 

susceptibility criteria and alleviate 
stripping in medium dense-graded 
glass-asphalt mixes. In particular, it 
can be concluded that hydrated lime is 
more effective than the liquid antist-
ripping additive in alleviating stripping. 
In this regard, the liquid antistripping 
additive, which is known to be com-
monly used in HMA production in 
South Africa, may not be as effective in 
these non-conventional asphalt mixes. 
Additionally, the microscopic image 
analysis conducted to evaluate mix 
moisture susceptibility is capable of 
providing an accurate representation 
of the degree of stripping and can be 
used as a tool to quantitatively rank 
moisture-sensitive mixes. Furthermore, 
visual judgement and biased interpreta-
tion associated with the current stand-
ard of visual inspection and reporting 
are eliminated.
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