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Preface

The papers contained in these Proceedings have been presented at the 6th International Conference ‘Bituminous
Mixtures and Pavements’ that took place in Thessaloniki, Greece in June 2015. The number of papers finally
accepted for publication and contained in this volume of Proceedings is one hundred thirteen (113).

The papers cover the recent developments worldwide in the areas of pavement materials, pavement
design, construction and maintenance, recycling, surface characteristics and other related subjects in highway
engineering.

Highway engineers are facing the challenge, not only to design and construct the pavements properly and
economically but also to be sustainable and safe. This implies a thorough understanding of materials behaviour,
their appropriate use in the continuously changing environment, and implementation of improved technologies
and methodologies.

The distinguished Members of the Scientific Committee worked hard, with notable colleague zeal, providing
invaluable work by reviewing the papers. I sincerely express my gratitude for their outstanding work.

The Organizing Committee, the heart of the Conference, worked with great enthusiasm in order to ensure the
success of the Conference. My gratitude is also extended to every single one of them, personally.

Also, I would like to thank the Sponsors for their kind contribution that made the organization of this
Conference possible at a low participation fee.

Finally, I thank the Authors for their high scientific level contribution, the Participants, from thirty five (35)
countries, for attending the Conference, and in general all those who worked and contributed to the great success
of this Conference.

Prof. A. F. Nikolaides, Editor,

Chairman of the Conference

Professor of Highway Engineering

Director of Highway Engineering Laboratory
Aristotle University of Thessaloniki, Greece

June 2015
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Statistical methods for evaluating associations between
selected foamed bitumen parameters

A. Chomicz-Kowalska

ABSTRACT: The authors tested various bitumen intended for use in production of low temperature mineral-
bitumen mixes with foamed binder. A few different binders were investigated, varying in hardness (from
penetration grade PG 20 to PG 220) and type (neat, multigrade and FT synthetic wax modified). The eval-
uation covered the basic and rheological parameters of bitumen and characteristics of bitumen foam. After the
first step in the analysis, which was to assess the parameters of bitumen before foaming, it was possible to dis-
tinguish three uniform groups of binders. The following step was to measure the characteristics of bitumen foam
depending on foaming water content. The results helped evaluate the influence of the rheological parameters
on the foaming ability of the bitumen. Mathematical models quantifying the relationships between parameters
of foamed bitumen and the amount of foaming water were developed using statistical methods. The correla-
tions were used to assign the binders for use in proper mineral-bitumen mix technologies according to valid

recommendations.

1 INTRODUCTION

Hot mix asphalt mixtures (HMA), which are energy-
consuming due to high production temperatures
exceeding 150°C, are widely used in road construc-
tion. These temperatures result from heating the
components of the mixture, aggregate and bitumen,
to the temperature required to ensure proper bitu-
men viscosity and coating of the mineral material.
HMA production-related high emissions of green-
house gases have a strongly documented negative
effect on the environment.

Solutions that considerably reduce production tem-
peratures and thus limit the greenhouse effect (i.e.
CO, emission to the atmosphere) include the appli-
cation of such technologies as: WMA (Warm Mix
Asphalt), HWMA (Half Warm Mix Asphalt) and CMA
(Cold Mix Asphalt) (D’Angelo et al. 2008). In these
technologies, proper grade bitumen with adequate
additives (e.g. organic, chemical) have to be selected
to obtain sufficiently low bitumen viscosity ensuring
proper coating of aggregate particles and providing
workability and compaction capacity of bituminous
mixtures (Vaitkus & Cygas 2009).

More than ten years ago, warm mix asphalt (WMA)
was introduced with production temperatures in the
range 100°C—140°C (Perkins 2009). There a few major
types of WMA technologies: those that use water
(small amounts of water are added into hot bitu-
men through a foaming nozzle with damp aggregates
leading to the expansion of the binder phase and a
reduction in the mix viscosity), hydrophilic material
such as zeolite, and those that use additives to obtain
the temperature reduction (organic additives such as

Fischer-Tropsch wax, montan waxes, fatty amides and
chemical surface active additives, D’Angelo et al.
2008, Perkins 2009, Morea et al. 2012). Additive
based techniques produce a decrease in bitumen vis-
cosity when the mixing and placement temperatures
are above the melting point of the wax, while the
water based techniques reduce the surface tension of
the binder without modifying, in theory, rheological
properties (Morea et al. 2012).

Fischer-Tropsch (FT) wax significantly influences
rheological properties of the bitumen by increasing its
viscosity in the temperature range up to 100°C and
increasing its softening point. At temperatures above
100°C, the viscosity is rapidly reduced thus the com-
paction temperature of the bituminous mixture can be
lowered by about 20-30°C (D’ Angelo et al. 2008).

As has been pointed out, the production and plac-
ing temperature of bituminous mixtures can also be
reduced by modifying the technological process by the
use of water in foaming. In 1956, Ladis H. Csanyi,
Iowa State University, studied bituminous mixtures
prepared with foamed asphalt in the cold technique
of mixture production, CMA (Cold Mix Asphalt).
In 1968, Mobil Oil in Australia, having acquired
the patent rights, modified Csanyi’s foam production
method by replacing steam with cold water (Muthen
1999). Since that time, this process has been widely
used and investigated by many researchers (Jenkins
et al. 1999, 2000, Van De Ven et al. 2007, Ben &
Jenkins 2014, Martinez-Arguelles et al. 2014). Jenk-
ins et al. (1999) developed a new bituminous mix-
tures production process called HWMA (Half Warm
Mix Asphalt) with foamed bitumen and temperatures
below 100°C. Compared with WMA, the foaming



technology with the use of water does not need any
chemical additives (Yu et al. 2013), but their addition
is recommended when the bitumen has low foaming
capacity.

The reduced production temperature technology
allows raising the level of environmental protection
through noticeably lower emissions of harmful sub-
stances from the traditional hot method and through
the limited use of non-renewable energy in the process
of bituminous mixtures manufacture. The application
of HWMA with foamed bitumen to road paving brings
environmental and economic benefits as compared to
HMA (Van De Ven et al. 2007).

2 MATERIALS AND RESEARCH
METHODOLOGY

2.1 Purpose of the research

The purpose of this laboratory study was to evalu-
ate the properties of foamed bitumen produced with
various binders, in terms of their suitability for use
in the production of bituminous mixes intended for
application to road pavement structural layers.
Physical and rheological properties of bitumen used
in road construction vary widely depending on the
chemistry of the crude oil source, methods used to
refine it, composition and chemical and colloidal
structure (Gawet et al. 2001). Jenkins (2000) con-
firmed the influence of the factors listed above on
the quality of the produced bituminous foam. Thus,
each type of bitumen can be expected to behave dif-
ferently. As the harder bitumen grades tend to clog
the expansion chamber and the spray nozzle ori-
fices, higher-grade bitumen types are preferred, where
clogging is practically eliminated (Jenkins 2000).
Bissada (1987) and Abel (1978) found that soft
bitumen grades (with lower viscosities) give better
foaming properties and have higher expansion ratio
and longer half-life than hard bitumen grades (with
higher viscosities), ensuring better dispersion and
coating of mineral material. Proper coating of ag-
gregates is key to preventing defects and achivieng
long service life of pavements (Remisova 2004).
Different conclusions regarding decay parameters
for two bitumen penetration grades (PG 60, PG 100)
was reported by He and Wong (2006). At the same
test conditions (bitumen temperature, air pressure, and
water content), the harder binder had higher expan-
sion ratios relative to the softer binder. It was also
observed that half-life (HL) was longer for softer bitu-
men (PG 100). He and Wong (2006) concluded that the
differences between viscosities of the bitumen types
influenced the relationships they described.
Currently, most commonly used bitumen types for
road construction purposes in Poland include 20/30,
35/50 and 50/70 PG neat bitumen (where e.g. 20/30
is a penetration range) and polymer modified bitu-
men: PmB 25/55-60 and PmB 45/80-55 (where 25/55
is the penetration range and 60 is the softening point)
(Jaskuta & Judycki 2014, Radziszewski et al. 2014).

In 1999, multigrade bitumen developed in the mid-
eighties by KSLA Shell (Sybilski & Mularczyk 1999)
was introduced in Poland (Sybilski et al. 2000). The
properties of those binders lie between those of a
conventional penetration grade bitumen and those of
a polymer-modified bitumen. Multigrade bitumens
are manufactured in a special refining process of
crude oil (Sybilski & Mularczyk 1999). According
to Polish technical requirements included in W7-2
(National Asphalt Pavements. Bituminous Mixes. Tech-
nical Requirements. 2014), the following multigrade
bitumen types are allowed in Poland: MG 20/30-64/74,
MG 35/50-59/69 and MG 50/70-54/64 (the grades
are designated by the nominal penetration range fol-
lowed by softening point range in compliance with EN
13924-2). The use of MG bitumen is growing in man-
ufacturing of wearing courses, binding courses and
bases due to their improved high and low temperature
properties. Multigrade bitumens are graded accord-
ing to the same penetration ranges at 25°C as road
paving bitumen in PN-EN 12591 and can be used as
replacement.

2.2 Tested materials

The study covered 11 binder types, divided into three
groups:

— Group A — road paving bitumen (neat): 35/50,
50/70, 70/100, 100/150, 160/220 that meet the
requirements of Polish PN-EN 12591,

— Group B — special bitumen (multigrade): MG
20/30, MG 35/50, MG 50/70 according to PN-EN
13924-2,

— Group C — FT wax-modified bitumen: 50/70/1,
50/70/2, 50/70/3 (bitumen 50/70 with 1%, 2% and
3% FT modifier content, respectively).

The first group includes neat paving bitumen from
one manufacturer with grades from PG 35 to PG 220.
The second group, contains multigrade bitumen. The
third group comprises modified bitumen produced
with PG 50/70 binder (from Group A).

Although no additives are necessary for foaming
with water, in order to show the applicability of the
50/70 bitumen for wider use (heavily trafficked pave-
ments), FT synthetic wax was added 1%, 2% and 3%
by weight to improve the bitumen foam parameters by
lowering the viscosity of the bitumen at temperatures
above 100°C (Silva et al. 2010). The presence of F'T'
wax increases the stiffness of the binder, providing
bituminous mixtures with better mechanical proper-
ties, higher resistance to permanent deformation in
particular (Silva et al. 2010, Iwanski et al. 2015).

2.3 Experimental program

The scope of the research related to determining the
suitability of bitumen types for foaming technology in
manufacturing of pavement structural materials was
divided into two stages. First, rheological parame-
ters before foaming were determined. Second, the



properties of the foam were measured at a varied
content of foaming water (FWC — foaming water
content). Mathematical models quantifying the rela-
tionships between parameters of the foamed bitumen
and amount of foaming water were developed using
statistical methods.

The significance of differences between the char-
acteristics of the bituminous foam (for all the bitumen
types) for FWC was evaluated using the one-way
ANOVA. In addition, the results obtained for Group C
bitumen, evaluated using the two-way ANOVA, were
analysed to determine the significance of the influ-
ence of the change in the levels of the two parameters
(FWC, FT).

The analysis of the results helped to find the rela-
tionships between the rheological parameters of the
bitumen (before foaming) and the characteristics of
the foam. After determining the optimal FWC level,
the classification and suitability assessment were con-
ducted in terms of the suitability of the binders for
selected technologies used in road construction.

2.3.1 Bitumen properties
The following characteristics were determined in stage
1 of the study:

— penetration at 25°C (PG) acc. to EN 1426,

— softening point (7Trgp) acc. to EN 1427,

— Fraass breaking point (7p44s5) acc. to EN 12593,

— dynamic viscosity at 90°C and 135°C (ngg, 7135)
acc. to EN 13702-2.

Other parameters evaluated included the penetra-
tion index (P/) and plasticity range (PR). Penetration
index quantifies the binder temperature sensitivity and
is an indicator for the dynamics of hardening/softening
phenomena under temperature changes. P/ is calcu-
lated based on the two most basic bitumen rheological
parameters: the softening point and penetration, in
accordance with the formula below, in compliance
with EN 12591:

20T, +500log PG —1952
Ty —50log PG +120

PI=

M

Plasticity range, on the other hand, defines the
temperature span in which the binder retains its
visco-elastic properties and is computed according to
equation (2) in compliance with PN-EN 14023:

P R T R&B T Fraass (2)

This parameter correlates well with the penetration
index and for best effects the PR should exceed 60°C
(Gawet et al. 2001). Low values of both indices (PI,
PR) suggest an increased temperature susceptibility of
the binder.

2.3.2  Foamed bitumen properties

The physical characteristics of the bitumen foam were
evaluated with the use of two empirical parameters:
maximum expansion ratio (ERm) and half-life (HL)
(Jenkins 2000). ERm is a measure of the bitumen foam
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Figure 1.
at 25°C.

Summary of penetration measurement results

viscosity and therefore it is an estimate of how well
the foam can be dispersed in the aggregates to cre-
ate a uniform mineral-bitumen mix. Half-life indicates
the foam stability and provides approximate informa-
tion about the rate of foam decay (Muthen 1999).
Those parameters are inversely proportional in terms
of FWC — increase in FWC leads to an increase in
ERm and decrease in HL, and vice versa (Jenkins et al.
2000).

The foam parameters (ERm, HL) of multigrade,
modified (F7 wax) and neat bitumens were evalu-
ated during the second stage of the this study. The
measurements were conducted under laboratory con-
ditions using Wirtgen WLB 10S bitumen foaming
plant, which is commonly used laboratory equipment.
The tests were carried out with the following arrange-
ments: water temperature: 20°C, water flow: 100 g/s,
foaming time: 5 s, air pressure: 500 kPa, water pres-
sure: 600 kPa. The temperatures of the bitumen were
selected according to the experience gained by the
authors (Iwanski & Chomicz-Kowalska 2012a,2012b,
2013, Iwanski et al. 2015) and that of other researchers
(Jenkins 2000, Martinez-Arguelles et al. 2014, He &
Wong 2006) and were taken to be 170°C for the bitu-
men in Groups A and B, and 155°C for the bitumen in
Group C.

The foaming water content ranged from 1.0% to
4.0% by mass of the binder, in 1.0% increments. The
amounts of foaming water and foaming conditions
were established based on the experience of the authors
(Iwanski & Chomicz-Kowalska 2012a, 2012b, 2013,
Iwanski et al. 2015) and other researchers (Martinez-
Arguelles et al. 2014, He & Wong 2006, Xiao et al.
2011).

3 TESTS RESULTS AND ANALYSIS

3.1 Rheological properties of the bitumen

The first stage of the study was devoted to the eval-
uation of the rheological parameters of the bitumen.
Figures 1 and 2 illustrate the results of penetration
tests at 25°C (PG) and calculated penetration index
values (PI). The remaining characteristics, softening
point (Tgg ), Fraass breaking point (744s5), plasticity
range (PR) and dynamic viscosity at 90°C (n9) and
135°C (n)35) are summarized in Table 1.
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Table 1. Bitumen properties.

Tr&B  Traass PR 190 135
Bitumen °C °C °C Pa:s Pa-s
35/50 53.9 -9.0 629 26.11 0.902
50/70 50.4 —-9.4 59.8 1443  0.506
70/100 474 —11.1 585 824 0451
100/150 43.4 —134 568 4.53  0.286
160/220 38.6 —158 544 279 0.220
MG 20/30 72.2 —8.60 80.8 9234 2.723
MG 35/50 66.5 —18.8 852 69.57 1.617
MG 50/70 60.8 —-21.0 81.8 17.62 0.638
WAX 50/70/1  56.1 —142 703 1531 0.590
WAX 50/70/2  60.8 —-13.1 739 164 0.540
WAX 50/70/3  68.1 —123 804 173 0.500

Analysis of the results indicates that neat bitumen
(Group A) met the requirements of PN-EN 12591 and
the multigrade bitumen (Group B), within the range
of parameters assessed, conformed to PN-EN 13924-2.
The binders from Group C were in accordance with the
requirements of PN-EN 14023 for PmB 45/80-55 (for
WAX 50/70/1) and PmB 25/55-60 (for WAX 50/70/1
i WAX 50/70/2) in terms of PG, Trgp and Traqss-

The properties of binders from Groups B and C
were significantly different from the parameters of
neat bitumen, in particular in terms of the softening
point. As for the temperature of 60°C, which in Poland
is regarded as the highest pavement temperature in
summer and which is taken into account in the eval-
uation of bitumen permanent deformation resistance
(wheel tracking test according to W1-2 and PN-EN
12697-22), the softening point higher than that was
obtained for bitumen 50/70 modified with the FT wax
added in the amount exceeding 2.0% and for all multi-
grade bitumen types. This result indicates that the
increase in the softening temperature obtained through
the modification of bitumen 50/70 will reduce the
susceptibility of bituminous mixtures to permanent
deformation (rutting) (Silva et al. 2010, Iwanski et al.
2014).

The evaluation of the mean values of dynamic
viscosities for binders in Groups A and B recorded
a drop at both temperatures with increasing pen-
etration; opposite relationship was observed in FT
wax-modified bitumen, where this parameter at a tem-
perature of 135°C (n)35) decreased with decreasing

penetration due to higher amount of the modifier
added.

Increased addition of FT wax affects the base binder
by increasing its stiffness below 100°C (lower pene-
tration at 25°C and dynamic viscosity at 90°C), with
a drop in dynamic viscosity at 135°C, leading to the
reduction in production temperatures. Modification of
50/70 bitumen with 3.0% F'T wax resulted in obtaining
aone grade harder binder (PG 35/50). Similar tests per-
formed for bitumen 35/50 revealed (Silva et al. 2010,
Iwanski et al. 2014) that the addition of synthetic wax
changed the grade of the bitumen (penetration-wise)
from 35/50 to 20/30.

Penetration Index is another parameter that differ-
entiates bitumen from Groups B and C from the neat
bitumen in Group A. This parameter is used to assess
deformation properties of binders. Binders used in
road paving should have P/ in the range from +2.0 to
—2.0. Those with positive penetration indices are more
suitable for road pavements as they maintain visco-
elastic properties at low temperatures and at a short
loading time (dynamic loading) and do not flow at high
temperatures and long loading times (Radziszewski et
al. 2011). Multigrade and F'T wax-modified bitumen
returned positive penetration indices, whereas the neat
road paving bitumen types had negative values of P/
The investigated road paving bitumen were assigned
to the sol-gel rheological type (P/ from —2.0 to +2.0)
(Gawet et al. 2001). In Poland, eligible requirements
are available only for multigrade bitumen, where in
accordance with PN-EN 13924-2, PI should be +0.3
to +2.0 for all bitumen grades (multigrade: 20/30,
35/50 and 50/70). All binders in Group B satisfied
these requirements.

It has to be noted that the plasticity range require-
ments specified in PN-EN standards refer only to poly-
mer modified bitumen and the value of this parameter
depends on the bitumen consistency at intermediate
service temperatures (penetration at 25°C). The plas-
ticity range should be > 80°C for polymer modified
bitumen Class 3 (penetration 25-55 x 0.1 mm), and
PR > 75°C for Class 4 (penetration 45-80 x 0.1 mm).
From Table 1 it follows that only bitumen WAX
50/70/3 met the criterion (PR = 80.4°C).

To compare the most commonly used bitumen in
Poland, PG 35/50 and 50/70 and the corresponding
multigrade bitumen, parameter PR was used, i.e. the
temperature range in which the binder retains its visco-
elastic properties. For MG 35/50, PR=85.2°C, and
for MG 50/70, PR = 81.8°C, which is 22.3°C and 22°C
respectively more compared to neat bitumen. This indi-
cates improved low and high temperature properties
relative to paving bitumen, which translates into higher
stiffness modules and higher resistance to rutting dis-
played by the bituminous mixtures made with those
binders.

3.2 Influence of foaming water on bitumen foam
characteristics

The basic parameter used to evaluate whether bitumi-
nous binders are suitable for foaming is the capability
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Figure 3.  Summary of results from expansion ratio tests for
bitumen from Groups A and B at varied level of FWC (error
bars represent standard deviations).
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Figure 5. Dependence of ERm on changes in FT and FWC
for bitumens from Group C (R? =0.989).

Figure 4. Summary of results from half-life tests for bitu-
men from Groups A and B at varied level of FWC (error bars
represent standard deviations).

of producing the foam of required parameters. It
is difficult to determine the foaming capability of
binders or establish the optimal FWC when only basic
rheological properties of bitumen are known.

As mentioned earlier, in the second stage of
research, parameters ERm and HL were investigated.
To correctly assess the foam properties, the character-
istics of these parameters were measured four times
varying the level of FWC (1%, 2%, 3%, 4%).

The second step in the analysis of the results resulted
in determining the relationship between ERm and HL
and changes in FIWC levels. Obtained characteristics
helped establish the optimal content of foaming water
for each type of binders.

Figures 3 and 4 show mean values of expansion
ratio and half-life, respectively, for the bitumen from
Groups A and B versus the level of FWC.

The results indicate that the increase in the amount
of water added during the foaming process (from 1%
to 4%) had a clear effect on the parameters obtained
for the investigated binders, increasing their expansion
ratio values and lowering their half-life.

In Group A, the highest values of ER were reached
by binder 70/100 and then binder 50/70, regardless of
the amount of foaming water used. The lowest val-
ues were recorded for bitumen 35/50 at FWC = 4%,
bitumen 100/150 at FWC = 3% and bitumen 160/220
at 1% and 2% content of FWC. In Group B, the least
foaming binder was MG 35/50, with MG 20/30 having

30 Contoair Plet off HL against FWC and FT/
HL=14, 1834, 404% FW C+*9, 969*FT-0.073* FWCHFT+0.1 19*FWC.2 0822 F T*

FWC (%) =8

Figure 6. Dependence of HL on changes in FT and FWC
for bitumen from Group C (R? = 0.987).

the best foaming capability at FWC from 1% to 3%
and with MG 50/70 at FWC = 4%.

It has to be added that in terms of HL, for foamed
bitumen manufactured on the basis of multigrade bitu-
men, longer HL were recorded compared with the
foamed bitumen produced with neat base bitumen
types.

The mathematical model was used to evaluate the
impact of changes in FWC and FT wax content on the
properties of bitumen in Group C. Based on the cho-
sen optimization method (Montgomery 2001) it was
assumed that for the case investigated, the following
polynomial mathematical model of the second degree,
expressed as (3), will be most adequate:

y=by+b x, +byx,+byx, x, +b, - x] +bs-x; (3)

where x; = foaming water content (%); x, = FT wax
content (%); by — bs = values of model coefficients.
The graphical interpretation of the response surface
of the expansion ratio and half-life changes relative to
the synthetic wax content and foaming water amount
for the bitumen in Group C is shown in Figures 5 and 6.
The increase in the amount of the modifier from 1%
to 2% added to bitumen 50/70 brought a beneficial
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Figure 7. Correlation plot of the bitumen properties and
the measured foaming parameters (bitumen in Groups A, B
and C).

effect of increased expansion ratios and half-life. At
3% FT wax concentration, further increase in the value
of ERm was recorded, but the half-life was shortened
relative to bitumen 50/70+2%FT.

The obtained results confirm the observations made
by other researchers that the binders with lower viscos-
ity have better foaming capacities and allow limiting
the amount of water added. The presence of 3% wax,
however, negatively affected HL of the bitumen foam.
Too low viscosity of the binder caused unstable bub-
bles to burst, leading to shortened half-life. This is
because foam with lower viscosity and relatively low
surface tension will be more likely to collapse prema-
turely before reaching its maximum volume (He and
Wong, 2006).

The coefficients of determination for the developed
functions in the form of second degree polynomials
(Fig. 6, Fig. 7) were R? > 0.98, which indicate that the
proposed models explain the variability in the results
to the level higher than 98%.

Table 2 summarizes the results of significance
assessment for the influence of FWC on the distri-
bution of the investigated foamed bitumen parameters
conducted using the one-way ANOVA. For the bitu-
men types grouped in Group C, the two-way ANOVA
(Table 3) was used additionally to determine the sig-
nificance of the influence of changes in the levels of
FWC and FT and their interaction.

Analysis of variance (Table 2) revealed significant
differences (p-value <0.001) between the means of
all the bitumen types, which indicates that FWC had
significant influence on the changes in characteristics
(ERm, HL) of the foamed bitumen.

The p-value (Table 3) obtained for statistic F
for FWC and TF is much lower (p-value <0.0001)
than the assumed significance level (¢ = 0.05), which
means that these factors had a significant effect on
changes in characteristics (ERm, HL) of the inves-
tigated foamed bitumen, except for their interaction
(FT*FWC), where p-value = 0.49.

Table 2. Evaluation of significant influence (one-way
ANOVA) of FWC on Erm and HL of foamed bitumen.

Bitumen SS df MS F p-value
Response: ERm
35/50 181.58 3 60.525 1263.13 <0.001
50/70 450.56 3 150.19 2465.54 <0.001
70/100 83199 3 27733 172.178 <0.001
100/150 34557 3 115.19 377.937 <0.001
160/220 417.19 3 139.06 253.143 <0.001
MG 20/30 61892 3 20631 142.108 <0.001
MG 35/50 47274 3 157.58 125436 <0.001
MG 50/70 863.14 3 287.71 1750.34 <0.001
WAX 50/70/1 33633 3 112.11 1423.69 <0.001
WAX 50/70/2  200.18 3  66.728 326.710 <0.001
WAX 50/70/3 235.65 3 78551 332710 <0.001
Response: HL
35/50 173.16 3 57.721 403.880 <0.001
50/70 281.52 3 93.840 706.200 <0.001
70/100 490.29 3 16343 301.989 <0.001
100/150 232,65 3 77551 355876 <0.001
160/220 201.27 3 67.089 168.048 <0.001
MG 20/30 878.70 3 29290 369.457 <0.001
MG 35/50 549.11 3 183.04 403.570 <0.001
MG 50/70 95092 3 31697 108521 <0.001
WAX 50/70/1 308.58 3 102.86 1338.00 <0.001
WAX 50/70/2  299.13 3 99.710 703.040 <0.001
WAX 50/70/3 332.06 3 110.69 177.751 <0.001
Table 3. Evaluation of significant influence (two-way

ANOVA) of FT and FWC factors on ERm and HL in Group
C.

Effect SS df MS F p-value
Response: ERm

FT 58728 2 293.64 1697.06 <0.001

FwcC 76128 3 253.76 1466.57 <0.001

FT*FWC 10.890 6  1.8200 10.4900 <0.001
Response: HL

FT 84.5220 2 422610 150.680 <0.001

FwcC 938215 3 312.738 1115.05 <0.001

FT*FWC 1.55300 6  0.25900 0.83000 0.4900

The measurement results for the foamed bitumen
allowed determining in compliance with (Kim & Lee
2003) the optimal foaming water content for each
of the binders. The mathematical models developed
in the form of linear functions were used to determine
the optimal FWC (Table 4).

The optimum FWC determined for the bitumen
investigated ranged from 1.5% to 3.0%. For the bitu-
men grouped in Group A, optimum was determined at
FWC =2.5%, except the hardest bitumen (35/50), for
which this value was 0.5% higher. All multigrade bitu-
men types had the same optimal foaming water content
at the level of 3.0%. The FT wax modified bitumen,
however, had different values of FWC. The increase in
the amount of the modifier reduced the optimal FWC



Table 4. Properties of foamed bitumen at optimum FWC.

FWC ERm HL

Group Bitumen % - s
Group A 35/50 3.0 10.0 9.6
50/70 2.5 10.6 10.7
70/100 2.5 14.2 11.5
100/150 2.5 8.40 9.0
160/220 2.5 8.0 8.5
Group B MG 20/30 3.0 20.2 13.8
MG 35/50 3.0 14.3 13.9
MG 50/70 3.0 18.3 15.3
Group C WAX 50/70/1 25 12.1 17.3
WAX 50/70/2 2.0 17.3 16.4
WAX 50/70/3 1.5 16.7 17.7

from 2.5% to 1.5%. This was due to the amount of
the wax, where the binder viscosity at temperatures
exceeding 100°C (before foaming) decreases with the
increasing content of F7 wax (Silva et al. 2010).

The results of the analyses indicate that bitumen vis-
cosity influenced the value of the optimal amount of
the foaming water, as for the binder with higher viscos-
ity e.g., multigrade) greater (3%) FWC was required
to obtain optimal characteristics of the bitumen foam.

No clear relationship, reported by other researchers,
showing that softer binders had better foaming capac-
ities was observed.

The parameters of foamed bitumen at the optimal
FWC (Table 4) allowed the classification and assess-
ment of suitability of the binders for selected tech-
nologies used in the road construction. The following
criteria were adopted:

— ERm > 10 and HL > 6s for the mixtures produced
in cold system (CMA) according to Wirtgen Cold
Recycling Technology (2012), at aggregate temper-
atures ranging from 10°C to 25°C,

— ERm>8 and HL > 6s for the mixtures produced
in cold system (CMA) according to Wirtgen Cold
Recycling Technology (2012) at aggregate tempera-
tures greater than 25°C,

— ERm>17 and HL > 13s for half-warm mixtures
(HWMA) (Jenkins 2000).

Taking into account criteria adopted above, the only
bitumen types that were not suitable for cold recy-
cling (CMA) include bitumen in Group A: 100/150
and 160/220, for which higher aggregate temperatures
need to be used (over 25°C). The poor foaming results
of'the softer binders (100/150 and 160/220) could be a
result of too high initial bitumen temperature resulting
in a strong decrease in bitumen viscosity. Too low bitu-
men viscosity could cause the bitumen foam bubbles
to collapse prematurely, affecting both the maximum
expansion ratio and half-life. For HWMA, only multi-
grade bitumen (MG 20/30 and MG 50/70) and 50/70
bitumen with 2% FT wax were recommended.

When selecting the type of foamed bitumen for the
given type of the mixture, such factors as its intended
use in structural layers, service requirements, traffic
load and climatic issues have to be considered. These

mixtures can be produced at lower temperatures (e.g.
HWMA with foamed bitumen) provided they meet the
assumed requirements.

For example, in Poland, multigrade bitumen MG
20/30, being a very hard binder is used in binding
courses and base courses of standard asphalt con-
crete and high stiffness modulus asphalt concretes.
Medium hardness binder MG 50/70 is used in wearing
courses and in binding and base courses in pavements
subjected to lower traffic loads (Blazejowski et al.
2014).

The 50/70 binder, most popular in Poland, is rec-
ommended for modification with 2% FT wax (for
greater traffic loads) to ensure the required mechanical
parameters (resistance to permanent deformations) of
the produced layer.

3.3 Assessment of relationships between selected
parameters of bitumen

To determine how the investigated parametes are
interrelated, the correlation analysis was performed.
Normal distributions were found for all the parameters,
therefore the Pearson correlation tests were chosen to
evaluate interrelations between the pairs of the vari-
ables. The Pearson correlation coefficient () can take
a range of values from +1 to -1 and describes the type
(either positive or negative) and the strength of the
linear relationship between two interval and/or ratio
variables (Mason et al. 2003).

A correlation matrix was calculated for all the con-
sidered bitumen properties and foaming parameters
(ERm, HL) to initially assess their relationships. A
correlation plot visualizing this matrix is presented in
Figure 7, where Pearson’s correlation coefficients are
shown in the lower portion of the plot and their graph-
ical representations are given in the upper part. The
colored ellipses represent strength and direction of the
relationships. The analysis was carried out consider-
ing all of the previously mentioned bitumens and all
foaming water content levels.

The inclusion of all levels of FWC in the calcula-
tions distorts the interpretation of the calculated cor-
relation coefficients for the relationships between the
foaming parameters and bitumen properties. Despite
the fact that those calculated quantifications are
weaker than found in reality, the results still show
specific trends and validate them throughout the dif-
ferent foaming set ups. The correlation coefficients
measuring the relationships between the properties of
bitumens are undisturbed.

The analysis showed strong mutual correlations
between the measured bitumen properties. This
occurence was probably caused by the fact that those
characteristics, although measured under different
conditions (various modes of loading, loading time,
temperature), are related to the fundamental rheologi-
cal properties of the bitumens. Additionally, P/ and PR
are calculated using Softening Point and Penetration
values, resulting in a strong correlation with those
parameters.



Table 5. Correlations for the pairs of variables.

Variable PG TR&B '.l",l:ma_v_v PI PR 190 N13s
FWC=1.0%

ER —0.45 055 0.19 0.60 0.45 0.01 —0.01

HL —-0.59 0.75 -0.39 0.77 0.83 0.63 0.62
FWC=2.0%

ER —0.63 0.78 —0.03 0.84 0.73 0.25 0.24

HL —0.63 0.84 —-0.26 0.83 0.87 0.74 0.74
FWC=3.0%

ER —-0.59 0.74 —-0.02 0.78 0.69 0.30 0.31

HL —0.72 0.88 —0.35 0.90 094 0.63 0.58
FWC=4.0%

ER —-042 055 -0.01 0.64 055 0.15 0.17

HL —0.70 0.84 —-0.39 0.85 091 0.67 0.63

When looking at the relationships between the prop-
erties of the bitumens and their foamability (ERm
and HL) some consistent trends are visible. A rela-
tively strong negative correlation is observed between
the foamability and penetration, meaning that bitu-
mens with lower PG values produce higher quality
foam. On the other hand, positive relationships were
seen between the foamability and Trep (strong nega-
tive correlation with PG), PI and PR. Some positive
relationships were observed between the measured
dynamic viscosities and foaming properties, specifi-
cally bitumen foam Half-life times. Additionally, weak
negative correlations were found between the 7
and the foaming properties.

An additional analysis was carried out to avoid the
confounding influence of the FWC variable on the
calculation of the correlation coefficients. The correla-
tions between the response variable (foamed bitumen
properties: ERm, HL) and the explanatory variable
(bitumen rheological properties: PG, Tras, Trraass> PL,
PR, 19, 17135) this time were assessed for each level of
FWC separately; results are presented in Table 5.

The computed results were in line with the previous
findings (Fig. 7) and also the correlation coefficients
from this analysis can be interpreted directly. The lin-
ear relationships between the foaming characteristics
and bitumen properties were, in general stronger when
considering the bitumen foam half-lives rather than
ERm. A strong positive correlation was observed for
the Trep, PI, TZP and PR, and a negative relation-
ship was seen for PG. Again, the dynamic viscosities
were more strongly correlated with the bitumen foam
HL than ERm. The relationships between foaming
parameters and Fraass breaking point were mostly
unrelated. The calculated relationships were more sig-
nificant at FWC greater than 1%, which was caused by
increased foaming variability and nonlinearities show-
ing throughout the different bitumens when using the
small amount of 1% FWC. The analysis outcomes
show that in general, the most predictable foaming

3D Surface Plot of ERm against Tpep and FWC
ERm=0.2796%Tpep+4.561 TFFWC-14.153
R*=0.76
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Figure 8. Response surface regression models for the
dependent variable (ERm) vs. explanatory variables: Trgs
and FWC.

3D Surface Plot of HL against Dyvmamic viscosity at 90°C and FWC
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Figure 9. Response surface regression models for the
dependent variable (HL) vs. explanatory variables: 79 and
FWC.

results are obtained when using 2%-3% and even
higher FWCs.

Figures 8 and 9 are a graphical representation of
statistical models of the linear relationships between
ERm and Tggp as well as HL and ngy while taking into
account the different FIWC.

According to the calculated models, increase in
FWC by 1% results, on average, in an increase of ERm
by 4.56 and in decrease of foam half-life by 4.37s.
Similarly, an increase in softening point temperature


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18538-3&iName=master.img-010.jpg&w=191&h=191
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by 1°C results, on average in an increase of expan-
sion ratio by 0.26. On the other hand, an increase in
dynamic viscosity by 1 Pa-s results, on average, in an
increase of half-life by 0.09s.

4 CONCLUSIONS

On the basis of the rheological tests of the bitumen
types and the assessment of the measured parame-
ters of the foam produced from them, the following
conclusions can be drawn:

— the amount of foaming water from was statistically
significant in evaluation of foaming parameters,
rising FWC increased the expansion ratios and
decreasied the half-life of bitumen foam,;

the optimal FWC for the investigated binders
ranged from 1.5% to 3.0%; for neat bitu-
men, FWC=25% (excl. the 35/50 binder,
FWC =3.0%), whereas for the FT wax modified
bitumens, the optimal FIWC fell from 2.5% to 1.5%
with the increase in FT wax dosing (from 1.0%
to 3.0%);

the optimal amount of foaming water was affected
by bitumen viscosity; the binders with higher vis-
cosity at 135°C (multigrade bitumen) required
higher FWC (3.0%) to obtain optimal character-
istics of the foam, the higher FWC (3.0%);

the multigrade bitumen types showed an excellent
foaming capability, the highest expansion ratios and
the longest half-life,

among the neat bitumen types (Group A), at the
optimal FWC =2.5%, the best foamability was
displayed by bitumen 70/100 and then bitumen
50/70, whereas the worst foamability characterized
bitumens 100/150 and 160/220;

foaming of soft binders (i.e. neat 100/150 and
160/220 pen) at standard temperatures resulted
in decreased quality of bitumen foam, probably
attributed the low viscosity of the bitumen;

the application of the Fischer-Tropsch (F7T) wax
for the modification of bitumen 50/70 improved
its foaming capability; the most beneficial proper-
ties of the foam were obtained with 7' =2.0% and
FWC=2.0% (ERm=17.3, HL=16.45s);

the modification of the neat bitumen 50/70 with the
FT wax increased the range of its possible appli-
cations in foaming technologies, leading to harder
binder and thus more rut resistant bituminous mix
with better mechanical parameters;

strong linear relationships were observed between
the measured parameters of foamed bitumen (ERm,
HL) and some of their rheological characteristics
(before foaming).

The analyses and tests conducted in this study indi-
cate that all the binders investigated in accordance with
the assumed criteria could be used for the production
of CMA, with a certain restraint in the case of bitu-
men 100/150 and 160/220, for which the temperature
of the mineral material should be higher than 25°C.
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For the HWMA production, only multigrade bitumen
types (MG 20/30 and MG 50/70) as well as 2% FT
wax modified bitumen 50/70 could be used.
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Double-edge-notched tension testing of asphalt cement for the control of

cracking in flexible asphalt pavements

M. Paliukaite, M. Verigin & S.A.M. Hesp

Department of Chemistry, Queen s University, Kingston, Ontario, Canada

ABSTRACT: The Superpave™ asphalt cement specification as implemented in much of North America sets
an upper limit on the loss modulus (G*sind) in an attempt to control fatigue cracking. However, soon after
its implementation, G*sin§ was found to be deficient in that it lacks the ability to accurately correlate with
fatigue performance in service. This is likely because G*sin § reflects energy dissipation due to both detrimental
damage and beneficial viscous flow processes in the linear viscoelastic regime, with only the former contributing
to fatigue cracking. Our hypothesis has been that, within limits, cracking distress is inversely proportional to
tensile failure strain in a thin fiber of asphalt cement as estimated by the critical crack tip opening displacement
(CTOD). This paper compares CTOD values for a set of straight and modified asphalt cements with various
rheological parameters. Large ranking differences are found and this is thought to relate to the base asphalt
cement as well as the amount and type of modifiers present.

1 INTRODUCTION

Fatigue cracking is one of the main processes through
which flexible asphalt pavements fail. It can be par-
ticularly prevalent in thinly designed roads that have
aged, those that are heavily loaded or overloaded, and
northerly climates where thermal stresses aggravate
traffic induced damage (Andriescu et al. 2004, 2006,
Hesp et al. 2009a, b). Numerous research efforts, of
which many started long ago, have been conducted
to understand this type of failure and to find the most
appropriate test method(s) to control asphalt pavement
fatigue life (for instance, see Saal & Pell 1960, Pell
1962, Kandhal 1977).

Atvarious times over the past century, failure testing
to control cracking of all origins has focused on duc-
tility and force-ductility (e.g., Saal 1955, Clark 1956,
Doyle 1958, Halstead 1963, Hveem et al. 1963, Serafin
1963, Abson & Burton 1964, Vallerga & Halstead
1971, Anderson & Wiley 1976, Kandhal 1977, Van
Gooswilligen et al. 1989, others) and, more recently,
double-edge-notched tension (DENT) protocols (e.g.,
Andriescu et al. 2004, 2006, Andriescu & Hesp 2009)
to measure asphalt cement properties such as strain
tolerance, strength and failure energies.

Rheological investigations have considered com-
binations of complex stiffness and phase angle at
specific frequencies and temperatures or the shape of
the entire master curve (Reese and Goodrich 1993,
Anderson and Kennedy 1993, Reese 1997, Rowe et al.
2014, others).

Damage investigations have considered the micro-
cracking processes that precede catastrophic failure in
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so called time sweep and, more recently, linear ampli-
tude sweep tests (LAS) (e.g., Saal & Pell 1959, Pell
1962, Phillips 1998, Smith & Hesp 2000, others).

Despite these numerous research studies over many
years, a consensus on what type of properties need to
be specified for the control of fatigue cracking distress
is still lacking. One of the main reasons for why it is
difficult to correlate binder test results obtained in the
laboratory with field fatigue data is that in the real
world there are potentially a very significant number
of confounding factors.

Asphalt binders are often tested under non-
equilibrium conditions (Traxler 1936, 1937, Brown
et al. 1957, Brown & Sparks 1958, Blokker & van
Hoorn 1959, Struik 1978, Fryazinov et al. 1979,
Pechenyi & Kutznetsov 1990, Bahia & Anderson 1991,
Claudy etal. 1992, El Hussein et al. 1998, Soenen et al.
2004, Zhao & Hesp 2006, Hesp et al. 2007, Kriz 2009,
Schmets et al. 2010, Togunde & Hesp 2012, Ahmed
et al. 2012, Judycki 2014, Hesp et al. 2014, others).
Most modified and appropriately aged asphalt binders
are thermorheologically complex in their behavior due
to phase transitions that occur (polymer phase sepa-
ration, wax crystallization, asphaltene precipitation,
others). Chemical hardening through oxidation and
volatilization and physical hardening through structur-
ing and shrinkage, are known to vary widely between
different asphalt cements. Some inferior quality mate-
rials can lose their low and intermediate temperature
grades due to such processes within only a few years
of service while others can retain satisfactory perfor-
mance for many years (Reese and Goodrich 1993,
Hesp et al. 2009a, b, Erskine et al. 2012).



Further, thermal stresses can contribute very signif-
icantly to fatigue cracking but this fact is rarely consid-
ered in laboratory studies (E1 Hussein et al. 1998, Hesp
et al. 2000, Croll 2009). At very low temperatures the
differential thermal contraction causes interfacial fail-
ure. The microcracks at the coarse aggregate interface
allow water to enter the pavement surface, which upon
freezing facilitates the start of fatigue distress.

Another reason for why there have been con-
flicting results is that some proposed test methods
confound different damage mechanisms, such as inter-
facial failure in between parallel plates in a dynamic
shear rheometer, microcracking, yielding, edge frac-
ture (LAS test), or do their analyses under ill-defined
shear rate regimes, such as in between parallel plates
(LAS test), or within torsional cylinder flow rather than
plane shear (4 mm parallel plate DSR test).

Add to the above the facts that design and construc-
tion practices and workmanship can vary widely and
it is not difficult to understand why progress on the
implementation of an effective fatigue grading test and
associated acceptance criteria has been slow.

The authors are of the opinion that fatigue crack-
ing in asphalt pavements is primarily dependent on
the amount by which the thin asphalt cement fibers
that bridge the coarse aggregate particles can stretch
before they break. Thick pavements are less suscep-
tible to fatigue because they deflect less compared to
thin pavements. Old pavements crack more because
oxidized binders are unable to stretch by much before
failing. Asphalt binders that are modified with waxes,
acids, bases, air blown residues, recycled asphalt-
derived binder and other gelling additives, suffer from
low strain tolerance and are therefore more prone to
fatigue cracking. Binders at lower temperatures are
stiffer and less strain tolerant and hence fatigue is more
of a problem just around the freeze-thaw regime.

The objective of this study was to compare an
approximate critical crack tip opening displacement
as measured in the double-edge-notched tension test
with a range of other properties that have been
proposed for the control of fatigue distress. The
loss modulus (G*siné), the Glover-Rowe parame-
ter (G*((cos8)?/sin 8)), and the crossover temperature
are compared with a limiting CTOD temperature for
a range of straight and polymer modified asphalt
cements. The CTOD is a failure mechanics property
that reflects the strain tolerance of a very thin fiber of
material in the ductile state under high constraint (such
as in between two coarse aggregate particles). Hence,
it provides a reasonable measure of the ability of a
pavement to stretch before failure occurs, and as such
the amount of cracking distress should be inversely
proportional to CTOD.

2 BACKGROUND

2.1 Ductility methods

Kandhal (1977) provides a comprehensive back-
ground discussion on the low temperature ductility
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of asphalt binders and shows how it relates to crack-
ing performance of pavements around the United
States. He confirmed that binders with low ductility
at 4 and 15.6°C are likely to demonstrate poor pave-
ment performance. Limits on ductility were proposed
at 15.6°C (60°F) to predict loss of fines, raveling, ther-
mal cracking and widespread cracking. When ductility
fell below 10 cm due to age hardening, the loss of
fines would be the first sign of distress. Below 8 cm,
the road would start to ravel (coarse aggregate loss).
Finally, below 5 cm, pavements started to crack, and
below 3 cm the distress would be severe and surface
conditions would be considered very poor. Kandhal’s
(1977) findings largely confirmed earlier studies that
found similar limits on ductility relating to various
types of distress (Clark 1956, Doyle 1958, Halstead
1963, Hveem et al. 1963, Serafin 1963, Abson & Bur-
ton 1964, and Vallerga & Halstead 1971). The author
concludes that “Due to its empirical nature, it is not
clearly understood what fundamental property is being
measured by the ductility test. However, it is a desirable
value indicating pavement performance.”

Researchers at the Koninklijke/Shell Research Lab-
oratory in Amsterdam included a low temperature
ductility test on the asphalt cement in their Qualagon
approach to asphalt binder grading (Van Gooswilli-
gen et al. 1989). Their test temperature was adjusted
according to the binder grade and the results obtained
were found to be in line with the degree of binder
homogeneity. Binders that suffer from low temperature
phase separation (paraffinic demixing) were found to
be particularly poor performers in the ductility test and
in a number of other tests related to aging susceptibil-
ity (durability). The Shell researchers concluded that
the low temperature ductility test was useful to dis-
criminate binders that are of satisfactory quality from
those that have “insufficient binding performance”
(Van Gooswilligen et al. 1989).

2.2 Rheological methods

The Strategic Highway Research Program selected the
binder loss modulus (G*sin §) for the control of fatigue
cracking. It was argued that the energy dissipation dur-
ing dynamic loading is reflective of the amount of
damage sustained and that therefore it should represent
fatigue life. It was further argued that typical ductil-
ity values are not realistic measures of how failure
occurs during pavement cracking. While G*sin é does
show some correlation with fatigue performance, it is
far from perfect (Andriescu et al. 2006, Gibson et al.
2012, Rowe et al. 2014, others). The fact that G*sin §
fails to accurately predict fatigue cracking is likely due
to several factors. First, the loss modulus relates to the
energy loss in sinusoidal loading and as such it reflects
both energy dissipation due to detrimental damage and
beneficial viscous flow mechanisms. Second, the loss
modulus, similar to other rheological properties, is
measured in the linear viscoelastic regime at very low
strains. Fatigue cracking in a pavement is a high strain
phenomenon and therefore a failure test would likely



be more appropriate. Reactive compressive stresses
will favor asphalt cements that can stretch more rather
than less before failing. Soon after the implementation
of the Superpave specifications in the 1990s, it was
shown by a number of research groups that G*sin 8
fails to accurately correlate with fatigue in laboratory
and full-scale accelerated loading tests (Andriescu
2006).

More recently, Glover et al. (2005) used a sim-
ple Maxwell model to derive a surrogate parameter
for ductility, G’/(n’/G’), as they were motivated by
the large number of reports discussed above that
have demonstrated a good correlation between low
temperature ductility and pavement cracking perfor-
mance. The correlation between G’/(n’/G’) and duc-
tility appeared to be very good below 10 cm for straight
asphalt cements but no universal correlation was found
for modified binders.

Rowe (2011) has shown that the above rela-
tionship can be expressed in a simplified form,
G*((cos8)?/sin §), casting it in a format with which
most asphalt researchers are familiar through Super-
pave specifications. Rowe et al. (2014) was able to
show that the above parameter is able to do better than
G*siné in explaining premature raveling on airport
runways in the Northeastern United States.

A question that remains to be answered though is
whether a low strain rheological property can do better
than high strain failure properties such as ductility or
CTOD for all binders, including those that are polymer
modified. Hence, the research discussed herein was
started to investigate differences for a set of asphalt
cements that are being evaluated in several Australian
spray sealing trials (Choi and Urquhart 2014).

2.3 Double-edge-notched tension testing

The essential work of failure testing approach was first
developed in Australia by researchers studying ductile
failure in a variety of materials (Cotterell and Red-
del 1977), and later extensively applied to polymers
(Mai et al. 2000). The aim was to develop a simple
test method, based on ideas first expressed by Broberg
(1968), to determine the essential work of failure for
thin specimens. The essential work reflects the energy
used to separate two failure surfaces, separate from the
plastic or non-essential work dissipated in areas away
from the failure zone.

The essential work is identical to the J-integral
for ductile failure (Mai and Cotterell 1986, Paton
and Hashemi 1992, Chan and Williams 1994, Mai
et al. 2000, others). J-integral values were inacces-
sible for thin specimens prior to the development of
the essential work of failure analysis due to exper-
imental difficulties (Andriescu 2006). Critical crack
tip opening displacements were originally used to mea-
sure essential works of failure since the two are related
in a simple manner as follows:

we =CTOD x oty 1)

where w, = the specific essential work required to sep-
arate two surfaces (J/m?); CTOD = the critical crack
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tip opening displacement (m); and o, =the tensile
yield stress (N/m?).

However, Cotterell and Reddel (1977) had the
ingenious insight to separate the essential from the
non-essential work terms in a simple manner:

Wi=We+ W, @)

where W, =the area under the force displacement
curve (J); W, =the total work required for the sep-
aration of the two surfaces; and W), = the total work
dissipated away from the failure zone.

Realizing that the essential term scales with the
cross sectional area (LB), the plastic or non-essential
term scales with a volume surrounding the liga-
ment (BL2B), and that the plastic work vanishes for
very small ligaments, Equation 2 can be rewritten in
specific terms as follows:

Wi=We+ W, =LB x we + BL?B x W 3)

wi= W¢LB = we + BWPL (4)

where w, =the specific total work of failure (J/m?);
w, =the specific essential work of failure (J/m?);
B =a factor that accounts for the shape of the plastic
zone around the failure area; w, = the specific plastic
work of failure (J/m®); L =the ligament length (dis-
tance between notches in DENT specimen) (m); and
B = the specimen thickness (m).

Equation 4 shows that when the specific total work
of failure is plotted versus L, a straight line is obtained
with an intercept equal to the essential work of fail-
ure, w,, and a slope equal to the plastic work term,
pw,. The B factor is equal to /4 if the plastic zone
is cylindrically shaped but different for diamond and
ellipsoidal shapes (Andriescu 2006).

Equations 1 and 4 also provide the mechanistic basis
for the application of CTOD in a performance-based
asphalt cement specification. In an asphalt binder test,
such as ductility or force-ductility, the plastic work
can be very substantial, whereas in the mixture failure
is highly localized and the essential work is there-
fore likely more important. We have chosen CTOD
as the main property for acceptance since it is directly
related to the essential work and it provides a measure
of strain tolerance in the ductile state under high lev-
els of constraint. As such, CTOD provides a measure
of how much a thin binder fiber can stretch before it
fails and should therefore be inversely proportional
to the amount of distress. We consider the DENT
CTOD an improved measure of ductility but of course
the validation of that hypothesis requires extensive
testing of asphalt cements from laboratory and field
experiments.

Andriescu et al. (2004, 2006, 2009) has shown that
the essential work of failure analysis is highly applica-
ble to asphalt cement testing and that all conditions are
valid to determine essential works of failure from tests
on DENT specimens with various ligament lengths



between 5 and 25 mm. The essential work so deter-
mined is divided by the average net section stress in
the specimen with the smallest ligament to calculate
an approximate CTOD:

CTOD = We/Gnt,S mm (5)

where oy smm = the average net section peak stress
for duplicate measurements with the 5 mm ligament
specimen (N/m?).

This approximation was made for convenience in
that it forgoes the need to do an additional test to mea-
sure the tensile yield stress in a dog bone shaped spec-
imen. The validity of this has recently been discussed
by Hesp et al. (2014).

The CTOD measurement has the advantage that it is
a time-tested mechanistic property in failure mechan-
ics used to design structures and materials against
ductile failure. However, it still depends on appro-
priately conditioned samples from a laboratory aging
protocol. It also depends on whether samples are
cooled for sufficient periods of time prior to test-
ing. However, with sufficient care, we believe that
the application of CTOD for acceptance of asphalt
cement can improve pavement quality over the current
situation. For further background information and val-
idation the reader is referred to Andriescu et al. (2004,
2006, 2009), Gibson et al. (2014), Hesp et al. (2009a,
b, 2014).

3 EXPERIMENTAL

3.1 Materials

The materials used for this research were kindly
provided by the Australian Road Research Board lab-
oratories in Melbourne, Australia. The 8 samples have
been used in two different spray sealing pavement trails
in Australia that are currently being followed for per-
formance (Choi and Urquhart 2014). Table 1 provides
some pertinent information.

3.2 Procedures

Unaged asphalt cements were tested in a TA Instru-
ments AR2000ex rheometer at 0.5-1.0% strain to
determine their rheological properties such as complex
modulus and phase angle.

The asphalt cements were also aged in the labora-
tory in a pressure aging vessel for a total of 72 hours
each. A total of 15g of asphalt cement was used in
each pan and 12 of these were aged at once in order to
produce enough material for further DSR and DENT
testing. The aging temperature was kept constant at
100°C. These aging conditions were previously deter-
mined to produce materials with similar consistency
to those obtained from existing Australian durability
protocols (Choi and Urquhart 2014).

Aged asphalt cements were tested in the rheometer
to determine the Superpave loss modulus, Glover-
Rowe parameters and crossover temperatures for each

Table 1. Asphalt cements investigated.

Sample Additive HTPG ITPG
Al Straight 66.4 31.0
A2 Proprietary 66.4 24.8
A3 SBS 71.7 23.9
A4 Straight 64.9 26.8
AS SBS 73.4 27.8
A6 SBS* 75.9 25.6
A7 SBS 78.5 27.8
A8 PBD 67.4 21.0

Note: Polymer contents ranged from 3-5% by weight of the
asphalt cements. HTPG is the high temperature Superpave
grade for the unaged asphalt cement. ITPG is the interme-
diate temperature Superpave grade for the 72 hour PAV-
aged asphalt cement. Grades were determined according to
AASHTO R29 (2010) protocols. SBS = styrene-butadiene-
styrene copolymer. PBD = polybutadiene. *Sample A6 was
a hybrid with both SBS and an unknown co-additive.

Figure 1.
S5, 10 and 15 mm ligaments just prior to testing. Note: The
water was left out of the bath for image clarity.

Double-edge-notched tension test specimens with

PAV residue. Temperatures sweeps between 35 and
5°C, at strains of 0.1%, were used for all experiments.
Superpave loss moduli and crossover temperatures
were determined at frequencies of 0.1 to 10rad/s
whereas the Glover-Rowe parameters were determined
at 0.005 rad/s in a separate test.

The PAV residues were also tested in the double-
edge-notched tension test according to the Ontario
Ministry of Transportation laboratory standard LS-
299 Method of Test for Asphalt Cement’s Resistance
to Fatigue Fracture Using Double-Edge-Notched Ten-
sionTest (DENT) (2007). In brief, samples were poured
in silicone molds with aluminum end pieces for shear
transfer of the force during the test. Notch depths var-
ied to provide ligaments of 5, 10 and 15 mm. Sample
thickness was kept constant at 10 mm. The samples
were conditioned for 3 hours prior to testing in the
water bath. Testing was done at a constant speed of
50 mm/min and temperatures ranging from 5 to 35°C.
An image of three specimens prior to a test is provided
in Figure 1.
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/

Figure 2. Images of samples that failed in the brit-
tle-to-ductile transition zone (left) and ductile zone (right).

Images of polymer modified samples that failed
through tearing.

Figure 3.

The majority of the tests were conducted in the
ductile state although on occasions it was possible to
find samples that failed within the brittle-to-ductile
transition zone with very low CTOD values. Figure 2
provides images of a brittle-to-ductile failure on the
left and an entirely ductile failure on the right. Figure
3 provides images of some polymer modified samples
that failed through what can best be described as a
sudden tearing process at the end of stretching.

4 RESULTS AND DISSCUSION

Examples of typical raw data for two DENT tests are
provided in Figure 4. The data processed according to
Equation 4 are provided in Figure 5.

The replicate measurements show that the test is
generally highly reproducible. Round robin evalua-
tions conducted by the Ontario Ministry of Transporta-
tion, with 17 laboratories participating, have shown
the coefficient of variation for the approximate CTOD
obtained by this method to fall in the 10-15% range,
which is as good as it gets for a failure test on a PAV
residue (MTO 2014). Differences in CTOD between
samples of equal Superpave grade but different mod-
ification technology can reach as high as several fold

120 120
E 80 - Z 80 1
S 40 - E 10
0 \\ : 0 Y T
0 50 100 150 0 50 100 150

Displacement, mm Displacement. mm

Figure 4. Representative force-displacement curves for two
sets of DENT tests at 25°C (A2 (left) and A7 (right)). Dashed
lines show replicate force-displacement curves.
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Figure 5. Linear regressions of total specific works of fail-
ure versus ligament lengths according to Equation 4 (A2
CTOD = 14.6 mm (left), A7 CTOD = 14.3 mm (right)).

(i.e., several hundred percent), suggesting that the
testing error should be of little concern.

The individual traces for the three ligament length
specimens look self-similar, indicating that the speci-
mens go through the same sequence of events which is
a crucial requirement to assure that the essential work
of failure analysis is valid. Stretching, yielding, neck-
ing and/or tearing are the four possible mechanisms
during failure.

A summary of all DENT and rheological results
is provided in Table 2 where limiting temperatures
are rounded to the nearest degree. Instead of the 5
MPa loss modulus temperature from the AASHTO
M320 specification, the table lists the temperatures
where G*sin§ reaches 10 MPa in order to bring the
limits more in line with those obtained for the other
parameters. While there appears to be some correlation
between all parameters, a more close examination of
the temperatures shows that there are also significant
differences.

Difference between the Glover-Rowe limiting rav-
eling and cracking temperatures seem to be only 2—4°C
suggesting that a separation of the two is unnecessary.

The limiting G*sin § temperatures for A4, AS and
A7 are 21°C while their limiting CTOD tempera-
tures range from 17 to 25°C, which should lead to
significant performance differences in service.

The data from Table 2 were obtained on residues
that were aged for 72 hours at 100°C in the pressure
aging vessel at 2.1 MPa. Since raveling and cracking
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Table 2. Limiting temperatures for PAV residues.

G*sind G* ((cos8)*/sins)) CTOD T(G’'=G”)

10 180 450 10 0.1 10
Sample MPa kPa kPa mm rad/s rad/s
Al 24 20 18 25 19 33
A2 19 16 13 16 12 26
A3 17 19 15 16 15 30
A4 21 17 14 19 12 26
A5 21 23 19 25 23 37
A6 19 21 18 19 20 35
A7 21 19 15 18 18 31
A8 15 15 11 16 13 27

Note: T(G’=G”) =temperatures at which the loss modu-
lus equals storage modulus or phase angle reaches 45°. The
Glover-Rowe parameter G*((cos8)*/sin 8)) limit of 180 kPa
is for the onset of raveling whereas at 450 kPa the pavement
is expected to suffer from severe thermal cracking.

Table 3. Comparison between unaged and PAV-aged
properties.
T(CTOD = 10), 50 mm/min  T(G’=G"), 10 rad/s
Sample Unaged PAV Unaged PAV
Al 6 25 9 33
A2 3 16 7 26
A3 5 16 3 30
A4 3 19 6 26
AS 5 25 4 37
A6 5 19 6 35
A7 9 18 9 31
A8 5 16 2 27

Note: T(G’=G”) =temperatures at which loss modulus
equals storage modulus or phase angle reaches 45°.

are cumulative forms of distress, properties of lesser
aged residues should also be of importance. Table 3
provides a comparison between selected unaged and
PAV-aged binder properties. This comparison shows
that very substantial changes in performance are pos-
sible, stressing the need to assess performance-based
properties at several levels of aging, since quality is
obviously of little use if durability is lacking.

5 SUMMARY AND CONCLUSIONS

Given the results presented, the following summary
and conclusions are offered:

o The asphalt cement loss modulus G*siné does not
appear to correlate well with fatigue cracking in ser-
vice. This is likely due to the fact that it reflects
both damage and viscous flow mechanisms and that
it is measured in the low strain, linear viscoelastic
regime.
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The Glover-Rowe parameter G*(cos 8)/sin 8)) cor-
relates well with ductility for unmodified asphalt
cements of various oxidation levels. However, there
appears to be no universal correlation when modi-
fied binders are included.

o The essential work of failure analysis provides an
accurate way to measure ductile strain tolerance in
the presence of severe constraint as in between two
coarse aggregate particles.

Different rankings for the fatigue grading of asphalt
cements are obtained according to the CTOD com-
pared to rheological properties such as loss modulus
or Glover-Rowe parameter.

Approximate CTOD values are in the 5-10mm
range before DENT specimens start to fail in a
brittle fashion.

The degree to which asphalt cements age in ser-
vice appears to have an overriding influence on how
the materials perform in terms of fatigue cracking.
Hence, refinement of the pressure aging vessel pro-
tocol to better replicate aging in service would be a
worthwhile endeavor.

Assessment of durability by testing after various
conditioning times in the PAV would allow for a
better control of pavement cracking.
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Viscoelastic continuum damage analysis of polymer modified asphalt
in the cyclic semi-circular bending test
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ABSTRACT: Notched semi-circular asphalt specimens were tested under cyclic loading at a range of applied
loading levels and the damage growth modelled using the viscoelastic continuum damage theory (VECD). It
was found that, as predicted by the theory, for each asphalt mixture, the pseudo-stiffness (C) versus damage
(S) curves could be superimposed to form one unique curve. Both polymer modified and penetration grade
bitumens were analysed in this study, and the effect of the level of polymer modification on the C versus S
curves investigated. From these curves, the number of cycles to failure was predicted, and the improved damage
resistance of the mixture due to increasing level of polymer in the binders demonstrated.

1 INTRODUCTION

Annual worldwide production of hot mix asphalt is
approximately 1.5 billion tonnes, with Europe con-
tributing around 300 million (EAPA 2014). Polymer A
modified bitumens are frequently used to enhance the
performance of the asphalt pavement by improving the
deformation and crack resistance. The fatigue perfor- W
mance of the pavement may also be improved by the
addition of polymers. However, fully characterising
the fatigue behaviour using the standard tests can be a
very time consuming. | v
The viscoelastic continuum damage (VECD) the- Q O
ory has developed over the past 30 years and has
been applied to asphalt. When VECD is applied to the

A

.
>

fatigue damage of asphalt it can significantly reduce 2s
the time required evaluating the material’s fatigue |< >
performance. 2

In this paper the cyclic loading of a notched 2

semi-circular bending specimen will be analysed

using VECD, and the effect of polymer modification ~ Figure 1. Schematic of the SCB geometry.

where ap=notch depth; W =sample height; s=support

explored. span; ro = sample radius; P = applied load
shown in Figure 1, has been utilised by a number of
2 BACKGROUND AND THEORY authors to analyse the fracture and fatigue properties of
asphalt (Hofman et al. 2003, Mohammad et al. 2004,
2.1 Cyclic Semi-circular bending test Hassan & Khalid 2010, Huang et al. 2013, Abdo et al.
o ) 2013, Barman et al. 2014).
The Semi-Circular Bending (SCB) geometry has Huang et al. (2009) analysed the SCB geometry

proven to be particularly useful in areas where coring using finite element analysis and showed that the
of specimens is common such as glaciology (Adamson  tiffness modulus, E, is

et al. 1997), geology (Chang et al. 2002), and pave-

ment analysis (Molenaar et al. 2002). For asphalt the _ sy b 1
geometry is particularly suitable for laboratory inves- E=1.377(e D M
tigations as the standard asphalt compaction devices

produce cylindrical specimens requiring minimal saw- ~ where d is the vertical deflection at the middle point
ing before use in the SCB test. The notched SCB, as  of the lower surface of the specimen.
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For a specimen of thickness b, the horizontal stress
00 Was also shown to be,

3Ps?
hor = bdz

@)

2.2 Viscoelastic Continuum Damage

Shapery (1984) developed the work potential theory
and correspondence principles that form the basis of
the VECD approach. Kim et al. (1997) applied this
method to the fatigue analysis of asphalt, and was
developed further by Kutay et al. (2008).

The time and temperature dependency of asphalt
leads to its analysis being far from straightforward.
Pseudovariables for stress and strain allow the time
dependent viscoelastic problem to be simplified to a
linearly elastic problem which is considerably easier
to analyse. Damage within the material is then char-
acterised by internal state variables. The stress may
therefore be expressed as

R

oc=C¢ 3)
where o =tress; C is the pseudostiffness; &R is the
pseudostrain.
In the special case of cyclic testing with constant

frequency

R N
2 :|E >k|1,1//;‘90 “)
where |E*|; g is the linear viscoelastic dynamic mod-
ulus of the undamaged material; &) is the peak strain
in the Nth cycle.

These equations may be combined and the psuedos-
tiffness shown to be

_ B,
[E

__ o
B

)

LVE 8(];, LVE

where |[E*|y is the dynamic modulus at the Nth cycle
It is assumed that a single parameter for damage S

can be used as the internal state variable. It is further

assumed that the psuedostiffness is a function of that

parameter and can therefore be written as C(S), and

that the damage evolution can be shown to be

AN

!

k‘"
le
5

Shean =y +[

i

Vita
{(".\-'r AN T (-‘.\ ]J (6

where o is a material constant related to the rate
of damage growth; I is an initial stiffness parameter
(assumed as equal to |E* |y —/|E*|.yp); f is the test
frequency.

For a stress controlled test where the fracture stress
and the material’s fracture energy are constant it is
suggested that @ = 1/m is the most appropriate rela-
tionship. The parameter m is slope of the log of the
relaxation modulus versus log time.
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Table 1. Binder formulations and empirical properties.
1 I 11T v

Polymer content 0 2.5 5 7.5

Needle penetration 61 46 42 31

(25°C, 100 g, 55 load)

dmm

Softening Point °C 50.4 56.4 84.0 93.0

After RTFOT

at 163°C

Needle penetration 39 30 32 26

(25°C, 100g,

5sload) dmm

Softening Point °C 54.6 66.2 75.1 81

Change in mass % —-0.38 —-0.36 —-0.30 —0.28

3  MATERIALS AND SAMPLE PRODUCTION

3.1 Binders

A 50/70 penetration grade bitumen refined from a
Venezuelan crude was used in this study, and desig-
nated as binder I. This was modified using a linear
styrene-butadiene-styrene (SBS) copolymer at 2.5%
weight for weight increments up to a total of 7.5%
weight for weight, and these designated as binders II,
III and I'V. The modified binders were produced using
a laboratory high shear mixer at 180°C, each with two
hours of high shear mixing at 6000 rpm. The empir-
ical properties before and after short term ageing by
Rolling Thin Film Oven Testing (RTFOT) are shown
in Table 1.

3.2 Asphalt mixture

A recipe mixture AC10 close surface course asphalt
was produced using a UK limestone aggregate with
the grading curve shown in Figure 2.

150 mm diameter by 120 mm high cores were pro-
duced by gyratory compaction to a target void content
of 5.0%. Each core was sawn into two 50 mm thick
slices, which were each sawn in half to produce semi-
circular specimens. A 9 mm notch was cut in the centre
of the base of the specimen perpendicular to the base
to provide a known mode I crack initiation point.

4 EXPERIMENTAL RESULTS AND
DISCUSSION

4.1 Cyclic SCB testing

Cyclic SCB testing was undertaken in a temperature
controlled cabinet at 20°C, with each specimen condi-
tioned for a minimum of four hours prior to testing.
In all cases the span to diameter ratio was 0.8. As
shown schematically in Figure 3 non-contact transduc-
ers were glued to the specimen to measure the vertical
displacement of the specimen and the crack mouth
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Figure 4. Typical evolution of vertical deformation and
crack mouth opening displacement.

Figure 3. Front and side schematics of SCB specimen
showing non-contact transducer placement.

Table 2. Horizontal stresses for 100,000 cycles to failure.
1 11 11T v

Horizontal stress 0.156 0.245 0.333 0.368

for 100,000 cycles

(Nmm™?)

R? 0.956 0.975 0.986 0.983

opening displacement, and the applied force measured
using a load cell.

The test was performed in controlled stress with
a sinusoidal load applied to the top of the specimen
at a frequency of 1.0 Hz. For each asphalt six tests
were performed with two tests at applied loads of 0.5,
1.0 and 2.0kN, and each test continued until catas-
trophic failure occurred which was at approximately
40% of the original modulus. Figure 4 shows a typi-
cal response of the vertical and crack mouth opening
displacements (CMOD) during the course of the test,
with the all the test results summarised graphically in
Figure 5 as a classical Wohler or S-N diagram.

A linear regression line of best fit was applied to the
results and the correlation coefficient R? determined.
From this line the horizontal stress required to pro-
duce one hundred thousand cycles to failure was then
calculated and reported in Table 2.

Horizontal Stress (N/mm?)

0.1 + 1
TOMH00

100000

10600 1 0000
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100
Cycles to failure
s I ®IL Il IV—Power (I)=Power (1) Power (Ill}= - Power (IV)
Figure 5. Summary of cyclic SCB testing.

As can be seen the increase in SBS content leads to
a significant increase in the stress required to produce
the same level of damage in the asphalt. At the 5.0%
and 7.5% SBS contents, for a given stress level, the
number of cycles to failure is approximately ten times
that of the unmodified bitumen.

4.2 VECD fatigue life

The primary practical difficulty with traditional
fatigue testing is the very long duration of the tests
at low stress and strain levels which may lead to a full
characterisation taking many weeks or even months to
complete. This is both inconvenient and, particularly
in a commercial environment, expensive. By using a
VECD approach only the higher stress and strain level
testing is required to produce the C-S data, from which
the lower stress performance may be calculated.

4.2.1 Small samples used for determination of
relaxation modulus

To obtain the asphalt’s relaxation modulus, and hence
a, small samples 14 mm x 50 mm were cored from
a semi-circular specimen and tested on the dynamic
shear rheometer (DSR). Sample holders were fabri-
cated to hold the small samples in the DSR as shown
in Figure 6, and the sample conditioned at 20°C prior
to testing.
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Figure 6. Small diameter core mounted on the rheometer.
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Figure 7. C-S curves for asphalt produced with binder III.

A frequency sweep at was carried out from 0.001 Hz
to 100 Hz at a strain of 0.001% which was well within
the linear viscoelastic region for the asphalts. This
was then interconverted to a stress relaxation mod-
ulus and the parameter m determined. Further details
of this testing and analysis can be found in a previous
publication (Lancaster & Khalid 2013).

4.2.2  Application of VECD

Equations (5-7) were then used to generate the char-
acteristic C-S curves for the four asphalts. As can be
seen in Figure 7 for asphalt with binder III the results
of all the tests collapse to form one unique C-S curve
irrespective of the stress level.

The choice of curve to model C and S is arbitrary,
although a number of possible models have been sug-
gested by researchers (Lee et al. 2000, Christensen &
Bonaquist 2005). In this study the model applied by
Kutay et al. (2008) was used
C=explC,5“) %)
where C; and C, are regression coefficients.

As discussed earlier it is the low loading tests that
consume take the vast majority of the testing time.

Figure 8. Best fit C-S curves.

Therefore the C-S curves were then recalculated using
only the more rapid 1kN and 2kN peak to peak
tests. To determine the best fit coefficients for C; and
C, the solver function in Excel was used by reduc-
ing the absolute mean error between the C-S curve
and the measured data to a minimum. A comparison
of the best fit C-S for the four binders tested in this
study can be seen in Figure 8.

As the polymer content increases the amount of
internal damage that the material can accept for the
same drop in modulus also increases, indicating an
improved lifetime. Graphically this leads to a flat-
tening of the C-S curve with increasing polymer
content.

4.2.3  Predictions using VECD model data

Once the material’s characteristic C-S damage
behaviour curve known, it is possible to model
additional laboratory tests. Underwood et al. (2006)
demonstrated how, once C; and C, are known, the
evolution of S may be calculated using,
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avY X acY
Syoav =Sy "{TI_ 5 g] (8)
Equation (7) may be differentiated to give
Z—g =G expl,8©) ©)

and equation (8) may then be iteratively solved.

An additional cyclic SCB test was undertaken on
asphalt produced with binder I. This specimen had an
initial modulus of 4058 MPa and was cyclically loaded
at 0.5 kN peak to peak. Equations (1), (2), (4), (5), (8)
and (9) were then used to predict the modulus evolution
during the test as shown in Figure 9 below.

As can be seen there is good agreement between the
measured data and the predicted values. To further vali-
date the theory and results additional tests at alternative
applied loads, frequencies and temperatures should be
performed, but was beyond the scope of this study.

From the C-S data the loads necessary to produce
a drop in modulus to 40% of the original value in
100,000 cycles were calculated for the four materials
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Figure 10. Correlation between Wohler and VECD predic-
tions of stress for 100,000 cycles to failure.

tested. The correlation between these values and those
determined previously from the Wohler diagrams was
found to be very good as shown in Figure 10.

5 CONCLUSIONS

This paper has demonstrated the improved damage
tolerance of asphalt with increasing binder polymer
content in the notched cyclic SCB test. As the binder
polymer content was raised, the number of cycles to
failure for a given applied stress level increased sig-
nificantly, with the number of cycles to failure in
most highly modified asphalts being approximately
ten times that of the unmodified asphalt.

Furthermore, VECD theory has been successfully
applied to the SCB test to produce characteristic
C-S curves for the materials. As the polymer content
increased the C-S curve was seen to flatten. This can
be interpreted as that the polymer modified binders
produce asphalts that are able to maintain a higher pro-
portion of their modulus for a given amount of internal
damage.

The C-S curves were then successfully used to pre-
dict the stress required to produce a given number of
cycles to failure. It was also demonstrated that the
VECD approach could be used to predict behaviour
under low-magnitude applied loads using the C-S
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curves determined from high-magnitude load tests,
thus saving considerable experimental time.
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ABSTRACT: Warm-Mix Asphalt (WMA) technology is widely used in the paving industry due to its impact
on reduction of asphalt mixing and compaction temperatures. Characterisation of WMA in the past had focused
on evaluating the linear viscoelastic properties and associated Superpave specifications. In this study, evaluating
the nonlinear viscoelastic responses of different WMA technologies is introduced. A comparison was made to
show the difference in permanent deformation resistance of each binder type. Two WMA additives were tested
after mixing them with modified and unmodified binders. The tests were conducted using a Dynamic Shear
Rheometer to perform oscillatory and multiple stress creep recovery (MSCR) tests. Resistance to permanent
deformation was evaluated using the rutting factor and irrecoverable creep compliance. The results showed that
Sasobit stiffened the asphalt binder and increased its resistance against permanent deformation. On the other
hand, Advera’s effect was almost negligible on both binder types.

1 INTRODUCTION

Warm-Mix Asphalt (WMA) technology was intro-
duced originally in some European countries in 1995
for the road construction industry. The ability of reduc-
ing asphalt’s mixing and compaction temperature was
the main motivation to implement WMA additives in
asphalt production. Suppliers of additive producers
claim that the compaction and mixing temperatures
for WMA mixtures are 30°C less than the conventional
hot mix asphalt (HMA). This reduction aided in min-
imizing the fuel consumption in asphalt factories and
lowering smoke emissions during construction. With
such improvements, paving practice became healthier
and more facilitated. Several studies were introduced
in the past years to evaluate the effect of using WMA
additives with asphalt binders. The effect was investi-
gated against all asphalt pavement distresses and their
influence on pavement performance.

WMA technologies are manufactured in different
forms, such as organic (wax), chemical, and foaming
additives. Typically, WMA additives can be introduced
in the mixing stage to reduce binder viscosity. The vis-
cosity adjustment promotes enhanced binder coating
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over the aggregates, thus improving the mixture work-
ability and compaction at lower temperatures.

The characterisation of asphalt binders with WMA
additives has focused on determining the Super-
pave parameters that are based on linear viscoelastic
response. However, in the past few years, the Multiple
Stress Creep Recovery (MSCR) test was introduced to
assess the nonlinear viscoelastic response of asphalt
binders. The test was performed for better evaluation
of rutting resistance (Golalipour 2011; D’ Angelo et al.
2007; Shirodkar et al. 2012). Many researchers used
MSCR test to characterise the effect of mixing WMA
additives with the asphalt binder (Arega et al. 2011;
Zelelew etal. 2013; Adorjanyi & Fiileki 2011; Arega &
Bhasin 2012). Studies showed that some WMA addi-
tives had demoted the rutting resistance of the asphalt
pavement. Nevertheless, Sasobit, with the inclusion of
wax, has improved the binder’s stiffness and decreased
the associated permanent strains.

In this study, the effect of WMA additives on binder
properties has been investigated. Binders’ linear vis-
coelastic properties were evaluated in the DSR using
oscillatory test followed by the MSCR test to estimate
their nonlinear properties.



Table 1. Properties of virgin asphalt binders. Table 2.  Properties of WMA additives used.
Ageing Status Test Properties Results  Property Sasobit Advera
Modified PG 76-22 Binder Appearance S5-mm white prill ~ grey powder
Unaged viscosity at 135°C (Pa.s) 2.230 Density (g/cm®) 0.94 0.40-0.48
G*/sin(8) at 76°C (kPa) 1.812 Water-solubility Insoluble Insoluble
RTFO aged G*/sin(8) at 76°C (kPa) 2.894 Recommended Dosage*  0.8-4.0% 4.8-5.0%
RTFO +PAV aged  G*.sin(8) at 31°C (kPa) 1659
Unmodified 60/70 pen Binder * Dosages are based on binder’s weight
Unaged viscosity at 135°C (Pa.s) 0.483
G*/sin(8) at 64°C (kPa) 1.486
RTFO aged G*/sin(8) at 64°C (kPa) 2.527
RTFO +PAV aged  G*.sin($) at 25°C (kPa) 3759

2 OBIJECTIVE OF THE STUDY

The main purpose of this study is to assess the rutting
resistance of asphalt binders mixed with WMA addi-
tives. This aim was achieved by evaluating the linear
viscoelastic properties and irrecoverable creep compli-
ance of asphalt binders. The dynamic shear rheometer
was used to perform the tests and determine the binder
properties.

3 TESTING MATERIALS

Two asphalt binders were included in this study, modi-
fied PG 76-22 and unmodified 60/70 pen binders (PG
64-22). Both binders are currently used in the State of
Qatar for pavement constructions (Sadek et al. 2013;
Sadek et al. 2014). Details of virgin binder’s proper-
ties were listed in Table 1. Asphalt binders were mixed
with different WMA additives; Advera and Sasobit.

Advera is produced by PQ Corporation in the US as
an aluminosilicate specialty zeolite free flowing white
to grey powder as shown in Figure 1. Advera contains
about 21% of entrapped water in its crystalline struc-
ture that starts to emit at temperature over 100°C (PQ
Corporation 2014). In this study, 5% of Advera was
mixed with both modified and unmodified binders for
testing.

Sasobit was the second additive used in this study.
It is a fine crystalline long chain aliphatic hydrocar-
bon which is manufactured by Sasol Wax in South
Africa. Sasobit produced from natural gas using the
Fisher Tropsch process of polymerization (Sasol Wax
2014). In this study, the 5-mm diameter prill was used
as shown in Figure 2. As per supplier recommenda-
tions, Sasobit was added at a dosage rate of 2% of
binder weight.

Both WMA additives acquired were listed in Table 2
for properties and dosage recommendations.

WMA additives were mixed in the lab with the
asphalt binders using Silverson mechanical mixer
after heating the binder at 160°C temperature. Mix-
ing was performed for 10 minutes at a speed of
4000 rpm. Additives were added slowly and mixing
was terminated when binder became homogenous.
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Figure 1. Advera WMA additive acquired from PQ
Corporation.

Since MSCR test was developed to evaluate the per-
manent deformation of short-term aged binder, WMA
binders were aged using Rolling Thin Film Oven
(RTFO) at 163°C for 85 minutes. Figure 2 shows the
experimental matrix followed in this study. RTFO age-
ing was conducted to simulate the short-term ageing
that would occur in mixing and compaction phases.
The ageing was carried out by following AASHTO —
T 240 (2009). Using the conventional temperature in
short-term ageing was done to compare between HMA
and WMA binders against permanent deformation at
same short-term ageing conditions.

Dynamic Shear Rheometer (DSR) was adopted in
this work to perform rheological testing on WMA
binders. Three replicates of each binder type were
tested using the 25 mm diameter plates’ size. Samples
were placed between the plates with 1-mm gap. The
DSR used was from the TA Instrument (DHR-1 model)
with Upper Heated Plate (UHP) system that assures
heating the entire sample at the same temperature.

4 ANALYSIS METHODS

4.1 Linear viscoelastic analysis

The parameter (G*/sind) is used in the Super-
pave system to assess the resistance to permanent
deformation. The rutting parameter is related to
the total dissipated energy during a loading cycle
(Motamed & Bahia 2011). The oscillation stress/strain
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Figure 2. Sasobit WMA additive acquired from Sasol
Company.
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Figure 3. Experimental matrix.

test was performed according to AASHTO — T 315
(2009) in order to determine that parameter (G*/sin §).
The DSR test was performed at 76°C for modified PG
76-22 binder and at 64°C for unmodified 60/70 pen
binder (considered as PG 64).

4.2 Nonlinear viscoelastic analysis

New binder samples were also tested following the
MSCR test protocol (AASHTO — TP 70 2009). The
DSR was set to perform ten cycles of loading and
unloading at two different stress levels, 100 Pa and
3200 Pa. In this test, the stress was applied on the sam-
ple for 1 second and then released for 9 seconds for
relaxation.

The MSCR test results were used to calculate
the average irrecoverable creep compliance (J,,) as
follows:

er-g)

n(kPa™y= (1

Stress Level

where &7, is the initial stain at the beginning of loading
at ‘n’ cycle while €' is the strain value at the end of
the unloading at ‘n’ cycle. Values of ‘n” are from 1
to 10 for each stress level. Dividing the amount of
irrecoverable strains over the stress level was meant to
normalize the irrecoverable creep compliance value.
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Table 3. Complex shear modulus (G*) and phase angle (8)
for both asphalt binders tested with different WMA additives.

Additive Types Parameters PG 76-22  60/70 pen
Original (No WMA  G* (Pa) 2777 2524
additive)

3(°) 74 87
2% Sasobit G* (Pa) 3984 4006

3(°) 68 84
5% Advera G* (Pa) 3038 2802

3(°) 71 87

The normalization was presented by D’ Angelo et al.
(2007) to eliminate the effect of different stress levels
in one test for better comparison between binders.

Similarly, percentage of recovery (R) is the average
of measured recovery for ‘n’ number of cycles by using
equation (2):

n_,n

€
R, (%)=

8 -

o @
£l-g;)
where ¢’ is the value of strain at the end of loading at
‘n’ cycle.

Values of irrecoverable creep compliance (J,,-) and

percentage of recovery was calculated for each cycle
separately and then averaged at each stress level.

5 RESULTS AND DISCUSSION

5.1 Oscillatory Test

The results from the strain-controlled oscillation test
were listed in Table 3. Results showed that that the
use of Sasobit has increased the complex modulus and
decreased the phase angle of both asphalt binders. Hav-
ing lower phase angle indicates that the asphalt binder
became more elastic — less viscous — after mixing it
with Sasobit. However, Advera influence on the binder
is slight.

Complex modulus and phase angle were measured
at low shear strain to get the linear viscoelastic prop-
erties of the asphalt binders. This test does not present
the nonlinear behaviour of the binders that would affect
its performance within asphalt mixtures. However, rut-
ting factor given in Figure 4 indicated that adding 2%
of Sasobit as WMA additive increased the potential
of rutting resistance in the asphalt mixtures at early
stages. On the other hand, Advera slightly affected the
rutting resistance in both binder types.

5.2 MSCR Test

The irrecoverable creep compliance and percentage of
recovery were calculated using the MSCR test results.
Results in Figure 5 and Figure 6 were averaged for all
cycles at each stress level. Data indicated that Sasobit
and Advera have relatively slight effect on the percent
of recovery and irrecoverable creep compliance (J,,)
on the modified PG 76-22 binder.
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Figure 4. Rutting factor (G*/sin(8)) for RTFO aged modi-
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with WMA additives.
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Figure 5. Percentage of recovery of both stress levels for (a)
modified binder PG 76-22 (b) unmodified binder 60/70 pen
with different WMA additives.

However, Sasobit increased the percentage of
recovery and decreased the irrecoverable compliance
for unmodified 60/70 pen binder. Although Advera
showed very minimal effect on the recovery and J,,,
for unmodified asphalt binders.

Testing results indicated that using Sasobit as WMA
additive would help in lowering the mixing and com-
paction temperature of the modified asphalt binder,
and would not affect the average permanent deforma-
tion of the binder. However, Sasobit showed relatively
high influence on the unmodified asphalt binder in

1.00 |‘|
Original 2% Sasobit 5% Advera
(a)
60/70 pen
4.00
o m m100 Pa -
3= 3.00 03200 Pa
23
§ 2 2.00
ESL®
0.00
Original 2% Sasobit 5% Advera
(b)
Figure 6. Irrecoverable creep compliance (J,,-) of both stress

levels for (a) modified PG 76-22 binder and (b) unmodified
60/70 pen binder with different WMA additives.

increasing the percent of recovery. Sasobit would
decrease the mixing and compaction temperature and
at the same time increase the percentage of recovery
and decrease J,,, at low and high stress levels.

Figure 7 and.
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Figure 7. Ten cycles of MSCR test on modified PG 76-22
original binder, with 2% Sasobit, and with 5% Advera at (a)
0.1kPa and (b) 3.2 kPa stress level.

to predict binders’ resistance to permanent deforma-
tion. This factor depends on binder performance within
the linear viscoelastic region. Alternately, Multiple
Stress Creep Recovery (MSCR) test was developed
to evaluate the asphalt binder at linear and nonlinear
viscoelastic regions. The objective of this paper is to
compare the resistance to permanent deformation of
asphalt binders with and without WMA additives.

In this study, two WMA additives were mixed sepa-
rately with modified and unmodified asphalt binders.
Strain-controlled oscillation test was performed on
each binder to estimate the linear viscoelastic proper-
ties in order to predict the rutting factor. DSR results
showed that Sasobit stiffens the asphalt binder more
than Advera. The latter showed a closer behaviour to
the original binder. On the other hand, irrecoverable
creep compliance (J,,,) results from MSCR test showed
insignificant difference between WMA and HMA for
the modified binder PG 76-22.

Reporting the average of normalized irrecoverable
creep compliance would cloud up the effect of WMA
additives on permanent deformation. The effect is
best manifested in the accumulated permanent strain.
Values of irrecoverable strain at the end of each
cycle demonstrated the high influence of Sasobit on
the performance of modified and unmodified asphalt
binders.
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Figure 8. Ten cycles of MSCR test on unmodified 60/70
pen original binder, with 2% Sasobit, and with 5% Advera at
(a) 0.1 kPa and (b) 3.2 kPa stress level.
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Hot stage processing of steel slag and the benefits for bituminous mixtures

I.G. Liapis & A. Chasiotis
AEIFOROS Metal Processing SA, Thessaloniki, Greece

ABSTRACT: When compared to natural aggregates for uses in the construction industry, slags have higher
specific weight that acts as an economic deterrent. A method of altering the specific weight of EAFC slag by
hot stage processing and mineral mixing, during steel production is presented. Measurements of specific weight
are accompanied by XRD and XRF analysis and SEM spectral images for both unmodified and modified slag
samples. The process is repeated for the most suitable mix in gas furnace and physical properties are examined.
Unmodified and modified slags are then used in mix designs for the thin wearing course. The results show that
addition of specific mineral can result in significant specific weight reduction of slag and, thus, the use of the
modified slag in asphaltic concrete is proven economically beneficial. Alteration of the specific weight can result
in tailoring slag properties for specific applications in the construction sector.

1 INTRODUCTION

Slags are recognised as a highly efficient, cost effective
tool in the metal processing industry, by minimising
heat losses, reducing metal oxidation through con-
tact with air, removing metal impurities and protecting
refractories and graphite electrodes. For the construc-
tion industry, the use of slags has been gaining ground
over the last couple of decades (Motz & Geiseler 2001,
Clifton et al. 1980).

Focusing on the case of electric arc furnace car-
bon steel (EAFc) slag the uses have significantly
increased. According to Euroslag (2010), 22.3 mil-
lion tonnes of EAF carbon steel slag were produced
in European Union in 2010, 21% of which were stored
prior to processing (interim storage) or final deposits.
The remaining 79% was recycled through construction
industry (Fig. 1).

Road construction is the predominant field of appli-
cation for slag aggregates, even though the percentage
is decreasing compared to previous statistical data
from Euroslag and bibliography (Geiseler 1996).

Steel slag recycling in Greece follows the same
principles as the rest of the EU (Liapis & Likoudis
2012). The following figures show the uses of slag
aggregates in terms of tonnage and turnover (Figs 2
and 3 respectively). The data were obtained from
AEIFOROS SA.

The most common disadvantage among slags,
Greek slags not being an exception, is the high specific
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Figure 1. Applications of steel slag in EU (Euroslag 2010).
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Figure 2. Slag recycling in Greece (in terms of tonnage).
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Figure 3. Slag recycling in Greece (in terms of turnover).

weight. This issue is strongly related to the com-
mercial aspect of slag incorporation in constructional
elements. The difference between the specific weight
of natural aggregates and slag acts as an economic
drawback in the use of slag in a wide range of applica-
tions. In Greece, the most common natural aggregate
used for construction projects is limestone with spe-
cific weight of 2.6. Slags, in general, have specific
weight between 3.2 and 3.6 (Maslehuddin et al. 2003)
while Greek slags present specific weight closer to 3.2.
In most constructional elements higher specific weight
does not impose a threat to the physical and mechani-
cal properties from an engineering point of view. Such
constructional elements are unbound or hydraulically
bound layers (Maslehuddin et al. 2003), bituminous
mixtures (Liapis & Likoudis 2012) and cement con-
crete (Manso et al. 2006). Especially in the case of
cement concrete applications where self-weight of the
structure is important, use of higher specific weight
aggregates is prohibitive, unless higher self-weight is
considered at design stage.

In this article a new method of altering specific
weight of EAFc slag is presented. The process is
aiming at changing the physical properties of slag,
focusing mainly at specific weight, when the slag is
created inside the electric furnace. The method has
minimal interference with the production process of
steel, even by limited additions of specific minerals at
high temperatures and subsequent appropriate cooling
process (Kuo et al. 2008, Tossavainen et al. 2007). In
this view five minerals are examined, namely perlite,
ladle furnace slag, bauxite, diatomite and olivine. This
paper presents the results of perlite mixing. The pro-
cess falls within the scope of hot stage processing of
metallurgical slags with the aim of tailoring slag prop-
erties to specific engineering applications (Engstrém
et al. 2011, Durinck et al. 2008).
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Figure 4.
sample.

(a) High alumina crucible, (b) extraction of

2 METHODS AND MATERIALS

2.1  Methods and experimental procedure

Aiming at the investigation of slag properties if slag
was modified inside the furnace, it was considered
necessary to examine the process at laboratory level
prior to any full scale testing. At this initial stage
a specific, as-produced slag sample was obtained,
mechanically stirred and split in quantities of 40 g. For
every 40.0 g subsample 4.0 g of a single mineral were
added i.e. 10% per weight of slag. The mixed sample
was then homogenised and melted from room tempera-
ture (Tip; = 23°C) to final temperature Ty, = 1550°C,
with a temperature increase rate 6y, =30°C/min in
high-alumina, 50 ml-capacity crucibles (Fig. 4a) using
electric resistance furnace (Fig. 4b). T, was main-
tained for a period of 300s before extracting the
crucible from the furnace. Subsequently, the mixed
sample was water quenched in order to examine dif-
ferences in phase formation. The process was repeated
for all the minerals. Additionally, a slag sample was
melted and water quenched without the addition of
mineral and this was set as the control sample for the
first part of the experiments. The procedure of mixing
slag with minerals, melting and the following cooling
idealised slag formation inside the furnace, where slag
is created by the addition of foaming and reduction
agents. At this initial part of the testing procedure five
minerals were examined (Liapis & Papayianni 2015).
In this paper the results of the most efficient mix, i.e.
the mix with lower specific weight (slag-perlite) are
presented.

The mixing ratio was set at 10 parts of slag to 1 part
of mineral per weight. The mixing ratio was adopted
due to constraints of chemical composition of slag in
the furnace and specifically the basicity index B, as
given by Equation 1 not to be lower than the value of
2 (Guo et al. 2006, Morales et al. 2001).

CaO

B =0, (1)

where CaO and SiO, are concentrations of the respec-
tive oxides.

At the second stage of the experimental procedure,

the process was repeated for the most suitable mix in

a small industrial scale. Melting took place in a gas
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furnace (Fig. 5a) and quenching in water baths (Fig.
Sb). This, intermediate stage was necessary in order
to determine the physical properties of the modified
slag as well as to produce sufficient quantity of modi-
fied slag for the final investigation stage. The physical
properties examined were flakiness and shape indices,
Los Angeles coefficient, polished stone and aggregate
abrasion value as well as volume stability for both
modified and unmodified slag samples.

The final stage of the investigation included the
design of bituminous mixtures according to the
description in article ST6 of Greek Specifications con-
cerning the thin wearing course. Samples were created
for both modified and unmodified samples and the
properties of the compacted mix examined.

2.2 Materials

For the first part of the experimental procedure a slag
sample sized 0/2mm was obtained. This slag sam-
ple, acting as reference for all laboratory testing, was
produced in SIDENOR steel plant, Greece, using a
100t electric furnace and following the normal pro-
duction process of the steel plant with addition of lime
as reduction agent, assisted by injection of graphite
and air for foaming purposes. Upon tapping, slag
was cooled by water spraying jets. It was subjected
to crushing, de-ironing and sieving. The particle size
distribution is shown in Figure 6.

The chemical composition of major oxides through
X-ray fluorescence gave CaO 32.2%, FeOy 30.5%,
Al,03 14.7%, SiO; 11.4%, MnO 4.20%, MgO 3.10%,

g

= added mineral slag
| | 10% per weight of !
—" slag \

volume increase
! of 50%

Figure 8. Principle in decreasing specific weight.

Cr,03 1.10% and TiO, 0.50% w/w. The X-ray diffrac-
tion pattern of the initial slag sample is shown in
Figure 7.

For the purposes of the experiment, perlite 0/0,5 mm
was used. Typical chemical was SiO, 76.0%, Al,O3;
14.1%, Na, O 3.40%, K,0 2.70%, CaO 1.20%, FeOy
1.00 and MgO 0.20% w/w. The principle theory behind
using perlite as additive mineral was the exploitation
of expansion behaviour of perlite by making use of the
prevailing high temperature inside the furnace. Perlite
particles would be incorporated in the molten slag,
heat transfer would lead to chemical decomposition
and release of crystallic water of perlite resulting in
the expansion of perlite grains (Fig. 8).

Additionally, the use of perlite would increase SiO;
concentration in slag as suggested (Engstrom et al.
2011, Duchesne et al. 2010, Durinck et al. 2008, Kuo et
al. 2008, Reichel et al. 2008) while contributing to the
decrease of basicity index and viscosity of molten slag
and, therefore, increase the foam index at the working
temperatures (Stadler et al 2007, Morales et al. 2001).

3 RESULTS AND DISCUSSION

3.1 XRFE XRD, SEM analyses and specific weights

For the initial part of the experiment XRF, XRD,
Scanning Electron Microscopy (SEM) spectral images
analysis and specific weight measurements were per-
formed to establish key characteristics of the water
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Table 1. XRF analysis and basicity index. Table 2.  Specific weight.

Oxide/ EAFC Slag after Slag & EAFC Slag after Slag &

index slag casting perlite Sample slag casting perlite

CaO 322 30.5 322 Specific

FeOy 30.5 29.9 28.4 weight 3.286 3.231 2.989

AlLO; 14.7 18.9 10.6 % difference 1.70% 0.00% —7.49%

Si0; 11.4 10.1 16.4

MnO 4.20 4.30 4.20

MgO 3.10 3.00 3.50

%1.603 (l)ég (1)28 (1)28 Table 3. Physical properties of modified and unmodified

2 . : .

K,0 0.10 0.20 0.40 slag samples.

ZnO 0.10 0.20 0.10 . .

B, 583 302 196 Physical Unmod. Modified
property Spec. slag slag
Flakiness index EN 933-3 5.34% 3.30%
Shape index EN 933-4 7.30% 6.76%

) MBg value EN 933-9 0.67 0.62

quenched mix. X-ray fluorescence spectroscopy was  Sand equivalent EN 933-8 73 77

performed using a Bruker S1 Turbo SD XRF spectrom- LA coefficient EN 1097-2 17.43% 17.80%

eter with 10 mm? SDD detector and typical resolution ~ Mpe EN1097-1 8 8

145 eV at 100,000 cps by AEIFOROS SA. The results ~ ACY EN1097-2  13.2% 11.5%

for a) the initial slag sample, b) the slag sample after Eultk <iler(1islty't EE {8‘;;2 ;2(5); é (5);’::

. . : - o article density - . .
casting w1thout.m1neral mixing and c) the slag-perlite Water absorption  EN 10976 0.97 128
mix are shown in Table 1.

h ! fi ionifi . £ PSV EN 1097-8 63 62

) The results confirmed a) signt .lf:ant lnCre.aSe (§) AAV EN 1097-8 3.6 52
Si0; content as expected by the addition of perlite and  [ealth index EN1367-2 3.0 35

b) therefore significant decrease of the basicity index
close to the value of 2. Increase in Al, O3 was attributed
to the reduction/oxidation process by the interaction
between slag and crucible vertical faces.

X-ray diffraction pattern analysis showed that the
samples that were subjected to melting and subse-
quent water quenching presented significant increase
in the background noise. X-ray diffraction analysis
(XRD) was performed on pulverised material using
a Bruker 3003 TT automatic diffractometer, with a
nominal scanning step of 0.02°. Diffraction patterns
were measured in a 26 range of 10-90° using (Cu Ka)
radiation of 50kV and 30 mA at the Laboratory of
Materials for Electrotechnics, Aristotle University of
Thessaloniki. Mineralogy of slag phases was identified
based on XRD patterns and chemical composition by
Hellenic Cement Research Center (HCRC).

For the initial slag sample the following phases
could be recognized: brownmillerite, calcite, cli-
noenstatite, gehlenite, johannsenite, larnite, magne-
sia/periclase, magnetite, quartz and wuestite. For slag
after casting only 4 phases were recognised which
were akermanite, enstatite, magnesia/periclase, zin-
cochromite. For the slag-perlite mix the recognised
phases included akermanite, calcite, gandilite, larnite,
maghemite and magnesiochromite.

The above listing of recognised phases emphasised
the effect of cooling method on the phase formation
mechanism. Rapid cooling increased glass content
above 95%. At the same time, addition of Si-rich
mineral enhanced the formation of silicious bonds
(Kehagias et al. 2006)

For SEM micrographies JEOL scanning elec-
tron microscope with energy dispersive analysis was

employed at the Physics department, Aristotle Uni-
versity of Thessaloniki. Figures 9a to ¢ show typical
SEM patterns of the three samples. SEM images were
in agreement with XRD patterns, confirming higher
degree of homogeneity in quenched samples and sig-
nificant decrease in phase formations, similarly to the
ones mentioned in literature (Mostafa et al. 2001).
Homogeneity of microstructure was also a result of
viscosity reduction at the molten state due to the
addition of Si-rich mineral.

Specific weight measurements were performed on
all samples. The addition of perlite resulted in 7.5%
decrease of the specific weight compared to the control
sample. The comparison of results between initial slag
sample and the sample after casting showed that melt-
ing of slag without any additions of minerals caused
reduction of specific weight by 1.7%, i.e. melting
of slag decreased the percentage of impermeable air
voids in slag grains.

3.2 Changes of physical properties

At the second stage of the experimental procedure
slag-perlite mix was subjected to melting in a graphite
crucible using gas furnace followed by water quench-
ing in water baths. At this stage, all physical prop-
erties described in EN 13043 were determined for
the resulting aggregates. For comparison purposes,
physical properties of initial slag aggregates were also
determined (Tab. 3).
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Figure 9. SEM of (a) initial slag sample, (b) slag after
casting and (c) slag-perlite mix.

The results of the physical property testing showed
that both slags present adequate characteristics that
satisfy national specifications for wearing course
applications. The comparison between the two slags
highlighted the improvement of shape indices as
described by shape and flakiness index due to water
quenching. On the other hand, properties describing
the durability of aggregates (Mpg, LA, PSV, AAV)
showed marginal deterioration. This was attributed to
the addition and subsequent expansion of perlite, min-
eral with low physical properties, which resulted in
initiation of weak/stress concentration points in the

Figure 10. Volume stability test results.

grain frame. As expected, slag-perlite mix was 7.7%
lighter compared to unmodified slag. At the same time,
increased air voids added to the decrease of shape
indices led to increase of water absorption.

Additionally, both modified and unmodified slag
samples were subjected to steam test in order to obtain
volume stability according to EN 1744-1, 19.3.

The results showed that modified slag presented
volume expansion phenomena higher that unmodi-
fied slag sample (Fig. 10). The increase in volume
expansion was attributed to the cooling process. As
modified slag was water quenched, phase formation
was interrupted, leading to increased free CaO and
MgO content. During the steam test experiment CaO
and MgO hydrated giving Ca(OH), and Mg(OH),
and therefore leading to volume increase (Wang et al.
2010). It must be noted that, even though there was
significant difference in volume expansion between
the two samples, both values (0.18 and 0.51%) were
low and the materials were classified in the lowest cat-
egory (V35 for volume expansion up to 3.5%) of EN
specifications. As such, both materials could be used
in the majority of applications including thin wearing
course of asphaltic concrete.

3.3 Mix design of thin wearing course

As described previously, at the end of the intermediate
stage, a new modified slag was produced present-
ing 7.5% lower specific weight while maintaining
exceptional physical properties. At this final stage mix
designs of asphaltic concrete were produced, com-
plying with the specifications of ST6 of the Official
body Technical Specification (Hellenic Ministry for
the Environment, Physical Planning & Public Works).

For comparison purposes, two mix designs were
produced; the first one with unmodified slag aggre-
gates and the second entirely with modified slag. For
the two mixes, both modified and unmodified slags
were split into coarse aggregates sized 6,3/10 mm
and fine aggregate sized 0/2mm. Same amount of
limestone filler was used in both mixes. Tables 4
(for unmodified) and 5 (for modified slag) present
characteristics of the mixes.
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Table4. Characteristics of bituminous mix with unmodified
slag.

% WA  Specific Mass Volume

Material inmix (%) weight (kg) (m%)
Binder 4.99 - 1.060 131 124
Air voids - - - - 96
Coarse agg.  75.1 1.16 3.268 1915 586
Fine agg. 19.9 1.50 3.167 492 155
Filler 5.0 1.15 2.263 88 39
Total agg. 100 - 3.198 2495 780
Total for mix — - - 2626 1000

Table 5. Characteristics of bituminous mix with modified
slag.

% WA  Specific Mass Volume
Material inmix (%) weight (kg) (M%)
Binder 5.25 - 1.060 129 121
Air voids - - - - 96
Coarse agg.  75.1 1.16  3.021 1775 588
Fine agg. 19.9 2.30 2.948 459 156
Filler 5.0 1.15 2.263 89 39
Total agg. 100 - 2.969 2323 783
Total for mix — - - 2452 1000

Mix characteristics showed significant decrease of
density of the compacted mix as 2626 kg/m> for the
mix with the unmodified slag aggregates was reduced
to 2452 kg/m? for the modified slag. The compacted
mix with modified slag aggregates was 6,6% lighter
than the one with unmodified slag.

3.4 Economic evaluation of slag modification in
asphaltic concrete application

The economic evaluation is aiming at determination of
the effects induced by hot stage processing of EAFc
slag from an economic point of view in a specific time
frame referenced as analytic horizon (Haddix et al.
2003). In this paragraph the economic benefits result-
ing from the modification of slag are compared to
the economics of using unmodified slag aggregates
in asphaltic concrete applications.

For a given volume of asphaltic concrete the cost of
materials is given by the following equation.

TCmat = TCa + TCtransl + TCproc + TCtransZ + (2)
+ TCbinder
where TC, =total cost of aggregates, TCyans1 = total
cost of transportation between the factory producing
slag and the asphalt plant, TCp,. = total cost of pro-
cessing of aggregates in the asphalt plant for example
drying, sieving, mixing with binder, not including cost
of binder, TCyans» = the total cost of transportation
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Figure 11. Total cost of raw materials for different values

ofCI.

between the asphalt plant and the working site ant
TCpinder = the total cost of binder.
The following equations (Eqns 3 to 8) can be applied

TCq =mg xCq 3
TCirans1 = Ma * Ceranst 4
TCproc = Mg * Cyroc (5)
TCerans2 = (Mq + Mpinger) * Cerans2 (©)
TChinger = Mpinder * Coinder @)
Mg = pg * Vg ®)

where m, = mass of aggregates, C, = cost of aggre-
gates per unit weight, Cyaps) and Cypapsy = cost of the
two cases of transportation expressed per unit weight
of the transported material, Cpro. = the cost of process-
ing per unit weight of aggregates, my;nger = mass of the
binder and Cpipger = the cost of binder per unit weight.

For the construction of V, = 1,00 m? of compacted
mix and by substituting equations (3) to (8) into (2) and
using the data from Tables 4 and 5, the ratio TC,,y for
the modified slag (TCppyt.m) to TChat of unmodified
slag (TCyat.y) can be written as (eqn. 9)

TCmatm _ Pam*C1+0,129%Cy
- Pau*C1+0,131+C;

€

TCmatu

where C; = sums of costs C; + Cpanst + Cproc + Cirans2
and C, = sum of costs Cpjinger + Cirans2- C1 and C, are
common for modified and unmodified slags as are
expressed in terms of cost per unit weight. By fixing
the value of C, at 400, the ratio of equation 9 can be
expressed for different values of C; (Fig. 11).

Typically, C; ranges between values of 15 and 25
and therefore the total cost of raw materials using
modified slag aggregates is reduced between 3.8
and 4.5%
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4 CONCLUSIONS

In this paper a process of hot stage processing of
EAFc has been described, comprising mainly by min-
eral mixing, followed by water quenching of the
molten slag. The aim was to investigate slag valori-
sation by modification of production process of steel,
while making full use of high temperatures inside the
furnace.
Summarising, it is proven that;

— During initial laboratory testing, results showed
significant decrease of specific weight of modified
slag compared to unmodified slag samples.

— Addition of 10% of perlite per weight of slag
decreased specific weight of the mix by 7.5% com-
pared to melted slag without any additions (control
sample), this being primarily a result of volume
expansion properties of perlite.
XRF analysis showed that chemical composition
was in accordance with the added mineral, in this
case perlite
XRD patterns showed significant increase of back-
ground noise in addition to broadening of the
diffraction peaks, characteristic of high glass con-
tentand smaller crystalline size due to rapid cooling
SEM captures confirm higher homogeneity of
modified slag grains due to a) increase of SiO, and
therefore reduction of basicity and viscosity of slag
at molten state and b) rapid cooling through water
quenching restricted phase formation
During the small industrial scale production (sec-
ond stage), sufficient quantity of modified slag was
produced for laboratory testing of aggregates for
the determination of physical properties. The com-
parison of results between modified and unmodi-
fied slag aggregates showed improvement in shape
and flakiness indices and moderate deterioration
of the physical properties describing durability
characteristics (Mpg, LA, PSV and AAV).

— Volume stability results for the modified slag
increased to 0.51 from 0.18% due to increased free
CaO and MgO content. Even though the value of
this physical property was increased, it was well
below the lowest value described in EN 13043.

— Atthe final stage of the experimental procedure mix
designs of asphaltic concrete for the thin wearing
course were studied for both case of slag aggre-
gates, modified and unmodified. The results con-
firm decrease of specific weight of the compacted
mix by 6.6%.

— The economic benefit for the construction of thin
wearing course with modified slag aggregates, for
given value of binder cost and for a range of trans-
portation and processing is determined between 3.8
and 4.5% compared to the cost with unmodified
slag aggregates.
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Permanent deformation of stabilized subgrade soils
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ABSTRACT: Stabilization methods are often utilized to improve the performance of road pavement subgrades
which are weak or whose performance is susceptible to small changes in moisture content. However, whilst a
variety of performance models for natural materials have been developed and incorporated within road pavement
design methodologies little research attention has been given to the characterization of similar performance
models for stabilised subgrade soils. To address this, the research reported herein focuses on the permanent
deformation characteristics and the development of associated models of performance for treated subgrade soils.
The performance of three subgrade soils at varying moisture contents, each stabilised with lime and cement, is
compared with those of naturally occurring soils. The results demonstrate an improvement in the performance of
the stabilised material compared to their untreated natural state, albeit this improvement decreases with increased
deviatoric stress. A statistical procedure is used to select the most appropriate models of material performance for
the treated soils considered, by comparing the results of the permanent deformation with a number of performance
models available in the literature. Thereafter the usefulness of the models for road pavement structural design
is demonstrated via an analytical design procedure incorporating a finite element of the road pavement and the
performance models.

1 INTRODUCTION fatigue cracking alone, but not for rutting (since it often
assumed that permanent deformation is zero in these
Analytical pavement design consists of two main  standards). However research by Wu et al. (2011) and
processes. One is associated with development and  others show that permanent deformation can occur in
characterization of numerical models to enable actual  stabilized soils.
stresses and strains in layers of a road pavement to be Several researchers modelled permanent deforma-
determined. This requires the resilient modulus, Pois-  tion, a number of which related the permanent defor-
son’s ratio and material density to be characterizedand ~ mation to the number of load repetitions (Barksdale,
utilized within the model. The second process is asso- 1972; Wolff and Visser, 1994), others linked it to the
ciated with empirical studies to understand the number  applied stresses (Duncan and Chang, 1970; Lentz and
of load cycles to which the material within the pave-  Baladi, 1981) and others (Li and Selig, 1996; Lekarp
ment can undergo before failure as a function of stress ~ and Dawson, 1998; Puppala et al., 1999; Puppalaetal.,
and strain states. i.e. the development of so called per- ~ 2009) modified these models through introducing dif-
formance models. The design is formulated by setting  ferent soil properties such as moisture content and
limits to these stresses and strains at critical locations ~ measures of strength. However, the literature asso-
within the theoretical model. Usually such limits are  ciated with permanent deformation development in
provided to prevent fatigue cracking and permanent  stabilized base and/or subgrade layers is limited (See
deformation (rutting), (O’Flaherty, C. A., 2002). Chittoori 2008 & 2012, Wu 2011).

For rutting it is usual to set a limit on the com- This paper demonstrates the use of permanent
pressive strain at the top of the subgrade, whereas  deformation models in analytical pavement design
for fatigue cracking the limit is set to control the  procedures. From the review of the literature six
tensile strain beneath the bituminous layer. However — models are selected and calibrated with permanent
each layer in a pavement structure contributes to the  deformation test results and the suitability of these
total surface rutting development. i.e. the rut is the  models for treated soils is assessed. The effect of
sum of the permanent deformation of all layers of  moisture change on different types of subgrade soils
the pavement structure. As far as stabilized materi-  is evaluated from permanent deformation test results
als are concerned, pavement design standards such  and the improvements to subgrade soils with lime-
as that specified by AASHTO in its pavement design ~ cement stabilization are presented. The experimental
guide (AASHTO, 2002) specify that pavements with  procedure for permanent deformation of treated and
one or more stabilized layers should be designed for  untreated soils are described and a finite element
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model was developed using ABAQUS™ software
to analyze a hypothesized pavement section with
different subgrade conditions.

2 MODEL DEVELOPMENT

The six models of material performance considered
for further investigation are described below:
1) Veverka model (Lekarp and Dawson, 1998)

&1p =a*& *NP

(M

In which g;, is accumulated permanent strain, &, is
the resilient strain, NV is the number of load repetitions
and a and b are regression parameters. This model
relates the accumulated permanent deformation to the
number of load repetitions and the resilient strain.

2) Khedr model (Lekarp and Dawson, 1998)

&

2 =AxN"T" 2)
In which 4 and m are regression parameters
3) Sweere model (Lekarp and Dawson, 1998)
Eip=axNP 3)
4) Ullidtz model (Ullidtz et al., 1999)
Epz = AN“[Z)F )

where g,,.: is the vertical plastic strain in micro strains
at depth z, o.: is the vertical stress at depth z, P is a
reference stress (atmosphere pressure) and 4, « and B
are constants.

5) Puppala model (Puppala et al., 2009)

€, = ay Nz (Zoet) " (Lot )™

Oatm Jatm (5)
where 0, = (01 + 203)/3, Toer(v/2/3)(01 — 03), Tarm
is the reference stress and «,op,a3 and o4 are
constants.

6) Li and Selig model (Li and Selig, 1996)
(©)

g,
E1p = Q* (U—:)m * Nb

where o, is the deviatoric stress; oy is the soil static
stress and the other parameters are as previous.

In Li and Selig model, the effect of moisture
change and material performance is taken into account
through the soil static stress, Li and Selig list typical
values of a, m and b for various soil types.

A single stress level can be used for calibration
of the model and the calibrated model can be used
for different expected stress levels in the pavement
structural analysis. The model by Ullidtz uses the ver-
tical stress and a reference stress at a certain depth for
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the vertical permanent strain calculation, however the
change in material quality cannot be accounted for if
the calibrated model with a specified stress and mate-
rial condition, for example moisture change, is used for
different stress level and moisture contents. To over-
come this, the resilient strain in Veverka’s model can be
substituted by the deviatoric stress resilient modulus
ratio, equation 7.

Li and Selig’s model includes the moisture effect
through the static strength of the material, here if the
static strength, which is a property of the material,
substituted by a mechanical property such as resilient
modulus may give a better characterization of the
permanent deformation of the subgrade material for
treated and untreated cases, while the Li and Selig
equation is applied to the untreated case only.

E1p = Q% (;—dr) * Nb @)

The vertical and radial stresses obtained from MLET
analysis used to determine the deviatoric stress, or
alternatively the resilient strain from the three layer
system analysis directly can be substituted from equa-
tion 8 (Huang, 2004).

@®)

1
Eradial = E * (GZ - J’radial)

3 EXPERIMENTAL PROGRAMME

There is no standard specification procedure for a per-
manent deformation test for subgrade soils, therefore it
was decided to use a process based on AASHTO T307
(AASHTO, 2003) and BS EN 13286-7 (BS, 2004).
The stress levels specified to determine the resilient
modulus of subgrade soils in AASHTO T307 together
with the specified apparatus was used in combination
with the procedure mentioned in BS EN 13286-7 for
multi-stage permanent deformation were used.

The number of loading cycles was chosen to be
50000 cycles for single stage and 10000 cycles for each
of the five stress combinations for multi-stage tests.
The confining pressure was 27.6 kPa for all cases.

3.1 Soil types

Three types of soils were investigated in this research.
Samples at three different moisture contents were pre-
pared for stabilized and unstabilized subgrade soils,
for this purpose proctor tests are carried out to deter-
mine MDD and OMC from which the moisture content
atdry side and wet side of OMC are selected. The index
test results of these are presented in the table 1. These
three soils are stabilized with 4% cement and 1.5%
lime content.

3.2 Sample preparation

Samples were prepared by static compaction in 100
mm dia. and 200 mm height molds in five lifts, this
method of compaction assures homogeneity of the
prepared sample. Several researchers (Puppala et al.,



Table 1. Index properties of the soils. Table 3. Comparison of KENLAYER and ABAQUS.
Soil type ABAQUS
A-4 A-6 A-7-5  Standard used KENL 12.16 x 15.2x 21.28 x
AYER 3.8 3.8 3.8
Liquid limit 21 35 51 BS1377-2:1990 Response  Position (m) (m) (m)
LL (%) sections 4 and 5
Plastic limit 14 21 31 Surface TopL1 1.186 1.119 1.141 1.185
PL (%) deflection
Plasticity Index 6 14 20 (mm)
PI (%) Tensile Bottom —467 —468 —468 —469
MDD(untreated) 1.938 1.925 1.480 BS1377-4:1990 strain L1
(g/cm?) section 3 (W strain) Top —466 —466 —466 —467
OMC 11.0 12.0 20.0 Ell L2
(untreated) (%) Tensile Bottom —2.54 —2.54 —-2.54 -2.54
MDD(treated) 1.930 1910 1.460 BS1924-2:1990 stress L1
(g/em?) section 2 (MPa) Top 0.011 0.011 0.011 0.011
OMC (treated) 12.5 12.5 24.0 S11 L2
(%) Compressive Bottom 0.080 0.080 0.080  0.080
stress L2
(MPa) Top 0.080 0.080 0.080  0.080
S22 L3
) ) ) Compressive Bottom 0.047 0.046 0.046  0.047
Table 2. Hypothesized pavement section properties. stress L3
(MPa) Top 0.047 0.046 0.046 0.046
Modulus of S22 L4
Thickness elasticity Poisson’s Material Compressive Bottom 945 940 940 941
Layer type  (mm) (MPa) ratio property strain L2
(W strain) Top 1480 1478 1478 1478
Asphalt 100 3000 0.3 Linear E22 L3
concrete elastic Compressive Bottom 876 874 874 874
Base 200 300 0.35 Linear strain L3
course elastic (1 strain) Top 876 870 870 872
Compacted 200 Variable 0.45 Linear E22 L4
subgrade elastic
Natural - Variable 0.45 Linear
subgrade elastic

2009; Rout et al., 2012; Mohammad and Saadeh,
2008) used a mold of 71 mm dia. to 142 mm in height.
However samples of 100 mm dia. to 200 mm in height
have been used by other researchers (Steven, 2005;
Solanki et al., 2010; Guo et al., 2006).

4 FINITE ELEMENT MODELLING

A finite element model of road pavement was devel-
oped using ABAQUS, the model consists of four
layers, see table 2 for the pavement section detail.
Following a trial and error investigation to minimize
boundary effects a model of 21.28 m by 3.8 m was
selected, this corresponds to a depth of 140 times the
loading radius and a horizontal extend of 25 times
the loading radius. These radiuses correspond to those
found by Kim et al (2009) of 140 to 20 times of the
loading radius, respectively. A number of outputs from
the model were compared with KENLAYER (Huang,
1993), a multilayer elastic model widely quoted in the
literature. The results from comparison are given in
table 3, from which it may be seen that both models
are in reasonable agreement.

43

5 RESULTS AND DISCUSSION

Werkmeister et al (2001) proposed the shakedown
concept for deformation characterization of unbound
granular materials, see figure 1. They identified three
ranges of material behavior. In range A the material
is said to be in shakedown condition; the deforma-
tion is recoverable, in range B the material fails at a
high number of load repetitions and in range C the
material untimely fails. According to the shakedown
concept soils A-4 and A-6, reach range C early in first
1000 cycles of load repetitions at 120%OMC, while
soil A-7-5 resists permanent deformation well at this
moisture content, see figures 2, 3 and 4. Figures 2
to 4 also demonstrate the sensitivity of sandy soils to
moisture change.

Figure 5, 6 and 7 show the improvement to perma-
nent deformation of the three types of soils.

However, the amount of the permanent deformation
of treated soils depends on the type of the soil, stabi-
lizer ratio and moisture content. From figure 8, it can
be seen that soil A-7-5 undergoes permanent deforma-
tion of about three times the amount of the other two
soils.

The behavior of the untreated subgrade soils with
moisture increase, justifies the use of a method to
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Figure 2. Permanent deformation behaviour of soil A-4 at
different moisture contents.
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Figure 3. Permanent deformation behaviour of soil A-6 at
different moisture contents.

improve the resistance capabilities to permanent defor-
mation and failure of such soils. Li and Selig (1998)
suggest two approaches to control the accumulation
of permanent deformation on the top of the subgrade
layer; one concerns the improvement of the subgrade
by stabilization or modification, the other is to reduce
the deviator stress by increasing the upper layer thick-
nesses. The shortcoming with the second approach
may come from the fact that even by controlling the
stress level, the subgrade layer could still be exposed to
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Figure 6. Permanent deformation resistance improvement
of stabilized soil A-6.

moisture change and undergo high permanent defor-
mations. Test results show this increase of moisture
significantly affects the subgrade soil deformation.
Therefore, in these circumstances the improvement of
the soil with a stabilizer may be a superior solution for
permanent deformation resistance.

The other factor that has been considered in prepar-
ing treated soils is the water content that cannot be
controlled in the field easily. Three moisture con-
tents were considered; 80%OMC, 100%OMC and
120%0OMC. Figure 9 shows, for soil A-6 that the
change in water content has a minor effect. Previous
research on these soils show the same trend on resilient
modulus value for soil A-6 (Rasul et al., 2013), while
for soil A-4 the increase of moisture content from
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Figure 9. Comparison of effect of mixing water on perma-
nent deformation.

dry side of the optimum moisture content to optimum
and wet side accompanies with decrease in perma-
nent deformation and beyond the optimum it increases
rapidly, soil A-7-5 has different trend from both soils
and experiences more permanent deformation with
increase of moisture content and then decreases.

5.1 Model selection

Table 4 shows the results of the statistical analysis car-
ried out to compare the suitability of the permanent
deformation models for stabilized and unstabilized
soils. As can be seen the coefficient of significance
(R?) for native soils is between 0.875 and 0.989 at
optimum moisture content, irrespective of whether
the model includes a measure of stress. These coeffi-
cients however for stabilized soils are low for models
containing only the number of load repetitions and
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Figure 12. Comparison of measured to predicted permanent
deformation for soil A-7-5.

vary between 0.475 and 0.773. However models con-
taining the stress levels have higher coefficient of
significance, ranging between 0.786 and 0.935. This
highlights the significance of including the stress level
in permanent deformation models.

The importance of introducing the stress level into
the predictive permanent deformation equations is that
the calibrated equation for a specified type of soil at
an identified stress state can be used for permanent
deformation prediction at different stress levels. This
was validated by applying a deviatoric stress of 120
kPa to three types of soils at 100%OMC. As can be
seen from the figures 10 through 12, there is good cor-
relation between predicted and measured permanent
deformation.
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Table 4. Model parameters.

Soil type and moisture  Veverka Sweere Puppala
content
a b R a b R’ a, o, a; a, R

A-4 (B0%OMC) U 1.955 0.086 0908 907.06 0.059 0911 0401 0.05 1.93 0.096  0.985
A-4 (10020MC) U 1.825 0.168 0908 1407.3 0.104 0954 0.023 0087 1989 1.037 0.989
A-4 (12000MC) U 1.240 0440 0969 1549.5 0398 0974 32.248 0392 0925 0329 0975
A-6 (80%0OMC) U 1.055 0076 0945 67045 0060 0912 0135 005 235 -0.138  0.976
A-6 (100%0MC) U 1.843 0.107 0938 1805.0 0,084 0.897 0.001 0.064 2.674 1.393 0.985

A-6 (120%0MC) U 2031 0341 0965 33550 0317 0972 14051 0313 -0976 1.383 0979
A-7-5 (B0%OMC) U 1233 0035 0861 920.79 0.032 0.712 891 0.021 0907 0366 0.941

A-7-5 (100%0MC) U 1.068 0.055 0907 941.83 0053 0875 0.171 0.044  2.351] -0.112  0.966

A-7-5 (120%0MC) U 1,582 0.067 0901 21455 0.060 0799 0508 0.043  1.094 1266 0.953
A-4 (100%0MC) T 1.075  0.042 0475 42321 0028 0643 0.179 0018 233 -0.343  0.797
A-6 (100P20MC) T 1.228  0.047 0773 42513 0.033 0.045 6744 0023 0808 0329 0935

A-7-5 (100%0MC)T 2205 0038  0.623 98853 0.023 0.571 0,067 0.01 2,887 -0.438 0.872

Continued
Soil type and moisture  Ullidtz Khedr Li and Selig
content
A a B R A m R a m b R
A-4 (80%0OMC) U 14338 0.05 0.757  0.983 0941 907.06 0911 32594 0.757 005 0.983
A-4 (100%0MC) U 29749  0.098 1418 0993  0.896 14053 0954 18668, 1.842  0.091 0.988

A-4 (12000MC) U 2098.8 0393 0561 0974 0.602 15494 0.974 90379 1287 0393 0.971
A-6 (80%0OMC) U 10217 0.052  0.694  0.973 0940 67045 0912 19494 0.694 0.052 0973
A-6 (10020MC) U 7597.1 0.067 2572 0.981 0916 1805.0 0.897 61873, 2.572 0.067 0.981
A-6 (120%0MC) U 59727 0308 1.052 0979 0.683 3355.0 0972 74489 1.052 0308 0.979
A-7-5 (80%OMC) U 1407.5 0.023  0.681 0.939 0968 920.79 0.712 30479 0.681 0.024 0.939
A-T-5(100%OMC) U 14478 0.044 0706 0961  0.947 94183 0875 27619 0.706 0.044 0.961
A-7-5 (120%0MC) U 5595.0 0.046 1.680 0.953 0940 2145.5 0799 17236. 1.68 0.046  0.953
A-4 (10020MC) T 568.99 0.021 0470 0.789 0972 42321 0.643

A-6 (100%0MC) T 620.17 0.024 0.604 0935 0967 425.13 0752

A-7-5 (100%O0MC) T 14147 0.014 0567 0.858 0977 988.53 0.571

Most of the permanent deformation in a specified  research, is not identical for treated and untreated soils.
stress state develops in the first 100 cycles of the  The average percentage of accumulative permanent
test. However the permanent deformation percentage  deformation at 100 cycles for treated soils is 83%,
of the 100 cycles to 50000 cycles, for example in this ~ whereas it is 72% for untreated soils.
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Figure 13. Multi-stage permanent deformation for native
soil A-6.
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Table 5. Model (equation 7) parameters..

Soil type and moisture

content o ’ =

A-4 (80%OMC) Untreated 1955.375  0.086 0.908
A-4 (100%OMC) Untreated 1707.794  0.171  0.992
A-4 (120%0MC) Untreated 1239778 0.44 0.969
A-6 (80%OMC) Untreated 1055.233 0.076 0945
A-6 (100%0OMC) Untreated 1842.765  0.107 0.938
A-6 (120%0OMC) Untreated 2030.604 0341 0.963
A-7-5 (80%0MC) Untreated 1232.593  0.035 0.861
A-7-5 (100%0OMC) Untreated  1068.274  0.055 0.907
A-T-5 (120%0MC) Untreated  1581.561 0.067 0.901
A-4 (100%0MC) Treated 1075.348  0.042 0475
A-6 (100%0MC) Treated 1227719 0.047 0.773
A-T-5 (100%0OMC) Treated 2205015 0.038 0.623

Figure 14. Multi-stage permanent deformation test for
stabilized soil A-6.
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Figure 15. Comparison of permanent deformation develop-
ment for Stabilized and stabilized cases for soil A-6.

The effect of the stress level on the permanent defor-
mation development can be ascertained by multi-stage
permanent deformation tests for treated and untreated
soils. Figures 13 through 15 are test results from multi-
stage test for soil A-6 at 100 %OMC, the increase of the
accumulative permanent deformation can be noticed
with increase in stress level.

6 ANALYSES OF HYPOTHESISED SECTION

A finite element model of a hypothetical pavement
section was built to evaluate permanent deformation
development. The pavement section’s dimensions and
properties are as those in table 2. The compacted sub-
grade layer’s resilient modulus was varied as illustrated
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in table 6 and the resilient modulus values of the
asphalt layer and the base layer were 3000 MPa and
300 MPa respectively. To quantify the contribution of
the subgrade layer to total permanent deformation of
the pavement section, the deviatoric computed stress
from FEM and the material mechanical property rep-
resented by the resilient modulus from the laboratory
tests were utilized in the model developed in section
3, equation 7. The calibrated model for each sce-
nario at the deviatoric stress of 62.0 kPa was used for
further analysis. Table 5 shows the calibrated model
parameters for these three soils at different mois-
ture contents of stabilised and unsterilized conditions.
Using calibrated model for these cases the permanent
deformation at 50000 cycles was determined for all
these cases and tabulated in table 6.

As can be seen permanent deformation increases
with increase in moisture content, for soils A-4 and A-
6 these deformation is much higher than soil A-7-5 at
100%O0OMC and 120%OMC, indicating the sensitivity
to moisture content of soils containing high proportion
of silt and sand. However the stabilization improved
the properties of soils A-4 and A-6 in higher rate
than soil A-7-5 and they show a better resistance to
permanent deformation.

7 CONCLUSION

1 Moisture change significantly affects the perma-
nent deformation progression and development in
subgrade soils, particularly sandy soils.

2 lime-cement stabilization improves the permanent
deformation resistance of subgrade soils.
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Table 6. Calculation of the permanent deformation from the
model.

Soil type and moisture Mr oy
content GaM, Eip
(MPa) (kPa)
A-4 (80%0MC) U 185 133 0.719 3565
A-4 (100%0MC) U 157 126 0.803 8718
A-4 (120%0MC) U 66 84 1.273 184343
A-6 (80%OMC) U 120 113 0942 2261
A-6 (100%0MC) U 82 94 1.146 6723
A-6 (120%0MC) U 44 67 1.523 123765
A-7-5 (80%O0OMC) U 88 98 1.114 2005
A-T7-5 (100%0MC) U 74 89 1.203 2330
A-T-5 (120%0MC) U 49 71 1.449 4731
A-4 (100%0MC) T 233 143 0.614 1040
A-6 (100%0MC) T 214 115 0.537 1097
A-7-5 (100%0OMC) T 168 105  0.625 2079

Although the stabilization improves the resistance
of the soil to permanent deformation, subgrade
permanent deformation increases with the applied
stress level.

Equations of Permanent deformation that consider
stress state in addition to the number of load
repetitions are better able to predict permanent
deformation. For example if they have been cal-
ibrated for a specified stress combination of an
identified load, they can be used for different load
levels.

The equipment and procedures of AASHTO T307
and BS EN 13286-7 are found to be suitable for per-
manent deformation tests of untreated and treated
subgrade soils albeit with some refinement.

With one multi-stage permanent deformation test,
the effect of different stress states and stress history
can be quantified. The resilient modulus of the soil
at arange of stress combinations can be determined
correspondingly.

The developed equation in this research can be
used jointly with the finite element model to cal-
culate the permanent deformation of unstabilized
and stabilized subgrade layers. This will include
the permanent deformation of these layers to total
rut calculation developed on the surface of the road.
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Study of mineral filler effect on asphalt mixtures properties
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ABSTRACT: The mineral filler in asphalt mixture is an important component of the mixture as it plays an
important role in stiffening and toughening an asphalt binder. In addition to affecting the mechanical properties
of asphalts, mineral fillers are also important with respect to stripping or moisture damage. The paper presents
mechanical properties of asphalt concrete AC 11 with paving grade bitumen 50/70 and polymer modified bitumen
Sealoflex with two mineral limestone fillers according to empirical requirements. The produced and compacted
mixtures were tested to determine voids characteristics (Vm, VFB), water sensitivity (ITSR) and resistance to
permanent deformation (WTSar, PRDajr ). The certain amount of filler in asphalt concrete was also substituted
with hydrated lime. Laboratory research results support the benefit of adding hydrated lime to asphalt mixtures.
Hydrated lime as an active mineral filler better moisture sensitivity and rutting resistance that contribute to
extending the life cycle of asphalt pavement. The properties of the filler determine its interaction with bitumen
and its contribution to the mixture’s performance. The paper presents the positive effect of hydrated lime on
affinity between bitumen and aggregate and the stiffening effect when it is mixed with bitumen.

1 INTRODUCTION In addition to affecting the mechanical properties
of hot-mix asphalt, mineral fillers are also important
Asphalt mixtures properties depend on properties of  with respect to stripping or moisture damage.
mineral materials, nature and composition of bitumen According to (Bahia and all, 2010) the important
binder and materials proportional ratio. filler properties are geometry (size, shape, angular-
A bitumen binder covers and puts together aggre- ity and texture and fractional voids) and composition
gate particles to a mixture resistant to traffic and  (a small number of chemical compounds that affect
climatic conditions. A bitumen film thickness on  asphalt-filler interactions).
mineral particles is varying from hundredths of a Filler content, surface area and surface absorption
micron to several microns. The thickness of film  capacity affect optimal content of binder in a mix-
depends on properties of mineral material (thinner for  ture. General limits of filler to binder mass ratio do
hydrophilic materials e.g. granite, quartz and thicker ~ not exist in current asphalt mix design procedures.
for the hydrophobic e.g. limestone), nature and compo- ~ From experiences in Slovak Republic, optimal ratio
sition of bitumen. The thickness increases with higher =~ mass of filler to 1 mass unit of binder is from 1,5
molecular weight and higher asymmetry of bituminous  to 1,75. Higher mass of filler in a mixture improves
molecules (Grabowski and Wilanowicz, 2011). cohesion and internal stability of mixture and increases
Mineral filler in hot mix asphalt is an important  asphalt modulus. But high filler content can increase
component of mixture as it plays an important role in ~ bitumen stiffness and therethrough influence worka-
stiffening and toughening an asphalt binder. A mineral  bility of mixture. On the other side low filler content
filler as active filler improves adhesion of bitumen  and high bitumen binder content can increase mixture
to aggregate, dispersion of bitumen in a mixture, sensitivity to rutting (RemiSova, 2013).
increases stiffness of mixture and accelerates curing The suitable filler is from natural limestone and
of compacted mixture. dolomite rocks. Besides physical-mechanical proper-
Mineral filler is defined as a portion of aggre- ties of mixture it has positive effects on composite
gate that is suspended in an asphalt binder without  action between bitumen and aggregate. Fillers have
a particle-particle contact. This leads to the hypothe-  different gradation parameters, geometry properties,
sis that a mineral filler does not act as an aggregate  specific surface, surface texture; air voids content
or as a single component in a mixture but it acts asan  and other physical-mechanical properties (Remisova,
integral component of mastic that is a true binderina ~ 2013).

mixture. Mineral fillers in asphalts stiffen a mixture at (Grabowski and Wilanowicz, 2011) concluded that
the upper range of pavement temperatures with little  anaddition ofhydrated lime to fillers causes increasing
stiffening at lower temperatures (Anderson, 1996). finer particles content, specific surface and the Rigden

49



Table 1. Basic parameters of used bitumens.

Table 2. The particle size distribution of fillers.

PmB
Bitumen properties CA 50/70 Sealoflex
Penetration (0.1 mm) 58 71.5
Softening point (°C) 48.2 89
Penetration index 1.3 6.5
Viscosity at 60°C (mPa) 209000 342000
Viscosity at 130°C 1271 10042

according EN 13302 (mPas)

Voids values as well as a decrease of volumetric mass
concentration value.

When a hydrated lime is added to asphalts, it
reacts with aggregate and strengthens bond between
the bitumen and the aggregate interface. Lime reacts
with highly polar molecules to inhibit the formation
of water-soluble soaps that promote stripping. When
those molecules react with lime, they form insolu-
ble salts that no longer attract water (National Lime
Association, 2006).

The ability of lime to improve the resistance of hot-
mix asphalt mixtures to moisture damage, to reduce
oxidative aging, to improve the mechanical properties
and resistance to fatigue and rutting, is a reflection
of its performance as active mineral filler and has led
to observed improvements in the field performance
of asphalt pavements (Little and Epps, 2001; National
Lime Association, 2006).

2 EXPERIMENTAL

The main purpose of research was an assessment of
mineral filler and hydrated lime influence on the basic
properties of hot mix asphalt. The properties of min-
eral filler in mastics relating to stiffening effect of filler
in mastic (delta ring and ball) are included in asphalts
properties as water sensitivity (/7SR) and resistance
to rutting (PRDar, WTSarr)- The asphalts properties
were tested on the asphalt concrete AC 11 for wearing
courses produced in laboratory conditions. The objec-
tive of research was to study performance of asphalts
with different filler.

2.1 Materials

The tested materials included the coarse and fine
aggregate, two limestone fillers and added hydrated
lime in different portions by mass. One paving grade
bitumen (CA 50/70) and polymer modified bitumen
(PmB Sealoflex) were used in combination with one
fine and coarse aggregate and different filler with the
uniform bitumen content of mass 5,5 %. Properties of
used bitumen binders are in Table 1.

Natural andesite with water absorption WA»4 of
1.7% (fractions 4/8 and 8/11), resistance to fragmen-
tation LA of 15.5% and shape index of 8.5% was used
as coarse aggregate. Natural limestone, two limestone

Gradation of fillers, passing in %
Sieve size (mm)

2 0.5 0.25 0.125 0.063
Filler Zirany 100 100 100 98.9 86.9
Filler Varin 100 100 999 919 77.7
Hydrated lime 100 100 100 99.5 82.3

Figure 1. BSE an SE image of mineral filler from Varin.

Figure 2. BSE an SE image of mineral filler Zirany.

fillers (Varin, Zirany) and hydrated lime was used
as fine aggregate. Particle size distributions of tested
fillers are in Table 2. Tested filler varied from passing
0.063 mm particles.

Between tested mineral fillers there aren’t differ-
ences from chemical characterization point of view.
However, the tested mixtures of asphalt concrete with
the same aggregate, gradation and bitumen binder (the
results in the next part of paper) show variety in mix-
ture properties, mainly resistance to rutting, probably
due to different mineral fillers. After that the high
resolution images of fillers were used to study the
angularity and shape properties of filler particles. Fig-
ure 1 and 2 illustrate images of tested mineral fillers
using the electron microscope (Tesla Vega II) with
high resolution imaging and backscattered electron
detector BSE and secondary electron detector SE. No
differences between fillers’ angularity and shape were
noticed from figures 1 and 2.

The stiffening effect of filler was tested using the
delta ring and ball test according to EN 13179-1:2013.
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Table 3.  Stiffening effect of fillers.

Filler Filler
CA Filler Filler Varin Varin
70/100 Zirany Varin +1%HL +2% HL
Softening  45.4 54.7 55 58
point, in °C
AK&G with 9 9.5 12.5
CA70/100 2-10  Axecs/i6 Axkeacs/16 Ak&Gs/16

Table 4. Affinity between used bitumen and coarse
aggregate.

Affinity after 6/24 h rolling time, bitumen coverage in %

CA 50/70  PmB Sealoflex
Andesite 75/40 80/55
Andesite + 2% HL 85/70 -
Limestone 80/70 90/75
Limestone +2% HL  95/90 -

The reached results are in Table 3. The effect on bitu-
men was demonstrated via increasing the softening
point of bitumen/filler mastic consisting of 37.5% of
filler and 62.5% of bitumen (in volume). The great-
est increase of softening point was recorded using 2%
of hydrated lime. The larger fractions of hydrated lime
perform as a filler and increase the stiffness of bitumen
and consequently of asphalts. The smaller fractions
increase bitumen film thickness, enhance viscosity of
bitumen and improve bitumen cohesion. The bitumen
mastic coats the aggregate particles with a thicker film.

The hydrated lime effect on affinity between the
bitumen and coarse aggregates influences the suscep-
tibility of asphalts to stripping. Affinity between used
bitumens (PGB 50/70 and PmB Sealoflex) and coarse
aggregate was determined in accordance EN 12697-
11:2012, the rolling bottle test, after 6 and 24 h rolling
time (Table 4).

After bitumen and aggregate having been mixed,
the process of interaction between aggregate and
bitumen begins. These processes are determined by
chemical and physical properties of aggregate and
bitumen. Affinity between polymer modified bitumen
and tested coarse aggregate was evaluated as suffi-
cient. Polymers in bitumen contain polar groups that
are more attractive and more absorbed of aggregate
surface. From aggregate type point of view the aggre-
gate contains mostly one dominant component and
some minor mineral components. The limestone rocks
consist of dominant component limestone, and silica,
clay, micaous minerals as minor components. In term
of affinity, the content of SiO, and Al, O3 in aggregate
us the most important. The basic aggregate (limestone)
with minor content of SiO; has good affinity to bitu-
men. The natural andesite (used as coarse aggregate in
tested mixture), as neutral aggregate with SiO, content
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Table5. Aggregate gradations, bitumen content and volume
characteristics of mixtures.

Gradation of tested mixtures
Passing in %

Sieve size, AC11 Varin

in mm AC 11 Zirany ~ AC 11 Varin +HL

11.2 97 97 96

8 76 76 80

4 51 51 58

2 29 29 37

1 20 21 20

0.5 15 16 15

0.063 8.7 8.8 8.5

Bitumen 50/70 Sealoflex 50/70 Sealoflex 50/70
PmB PmB

Bitumen 5.5 5.5 5.5 5.5 55 55

content (%)

Content of — - - - 1 2

Hydrated

lime (%)

Airvoids 5.5 6.1 41 52 26 3.8

content

(%)

Void in 184 189 172 18 15.9 16.9

mineral

aggregate

(%)

Void filled 704 67.7 759 71.5 83.6 77.7

with binder
(%)

of 57-61%, did not achieve adequate adhesion results
(limit 70% for wearing course materials). The using
2% of hydrated lime improved affinity between mate-
rials to required level. The hydrated lime allows for
the precipitation of calcium ions onto the aggregate
surface, making it more favourable to bitumen binder.
It can be observed mainly in the case of acid aggregate
granodiorite.

2.2 Tested mixtures

Asphalt concretes AC 11 with similar aggregate gra-
dation and the same bitumen content differed only in
used mineral filler type and bitumen type (Table 5).
Particle size distribution and volume properties are in
Table 5 and Figure 3. The mixtures were produced in
the laboratory according to EN 12697-35 + Al.

The mixtures with approximately same aggregate
gradation and binder content would be comparable
void characteristics. The maximum density of tested
mixtures was in the range of 2.475-2.486 g.cm™> fol-
lowing type of filler (Zirany, Varin, hydrated lime) and
type of binder (PG or PmB). However greater differ-
ences were observed in bulk density of test specimens.
These were subsequently expressed in differences in
air voids content, void in aggregate and void filled with



Passing in %

—— AC11Zirany
—=— AC1Varin
AC11 Varin+1%HL| ||
ACL1 Varin+2%HL—

a1 100

Sieve size in mm

Figure 3. Aggregate gradation of tested mixtures with
limits.

binder between mixtures. The mixtures with polymer
modified bitumen show higher air voids content. The
possibly reason could be in temperature during the test
samples production.

3 TEST RESULTS

The following tests were performed on tested mixtures
in order to assess the performance of the asphalts:

o water sensitivity test (/7SR values give information
about durability with a respect to ingress of water);

o freeze-thaw resistance (low value of tensile strength
indicate the potential for moisture damage);

e wheel tracking test (outputs of test provide an
estimate of the resistance to rutting).

The water sensitivity tests were performed accord-
ingto EN 12697-12:2008 method A on the base of indi-
rect tensile strength of dry (I7Sqy) and wet (/TS y.)
cylindrical specimens. Determination of freeze-thaw
resistance was performed according Slovak technical
regulation TP 5/2010 (Lottman test; conditioning satu-
rated samples by freezing at temperature —1843°C for
16 h). The characteristics of resistance to permanent
deformation (WTSar and PRDajr) were determined
in accordance with EN 12697-22 + A1:2007 using the
small device, method B, in air, at the test temperature
of 50°C.

The test results in Table 6 and Figure 4 show that
the type of filler influences asphalt mixture properties.
Although the water sensitivity of all tested asphalts
expressed in ratio /7SR was similar (from 89% to
93%). There are the differences in strength of mixtures.
The indirect tensile strength (dry and wet samples at
25°C) of mixture with the filler Varin and the polymer
modified bitumen are higher than filler Zirany. The
addition of hydrated lime to the mixture the strengths
of mixture get raise. But in general, the strength was
not improved. It means that the positive effect of
hydrated lime addition on affinity between bitumen
PGB 50/70 and andesite aggregate did not show total
improvement of mixture water sensitivity expressed
by the strengths ratio (/7SR).

The addition of hydrated lime to the mixture showed
improvement of mixture resistance to water and freeze
(conditioning saturated samples by freezing at tem-
perature —1843°C for 16 h). Added lime to asphalt

Table 6. The results of water sensitivity and wheel tracking
of asphalts.

ACI1 Varin
Mixture AC 11 Zirany AC 11 Varin +HL
Sealoflex Sealoflex

Bitumen 50/70 PMB 50/70 PMB 50/70
Content of - - - - 1% 2%
Hydrated lime
ITSdry (MPa)  0.570 0.653 0.602 0.670 0.710 0.654
ITSwet (MPa)  0.528 0.581 0.539 0.594 0.608 0.532
ITSR (%) 93 89 89.4 89 85.6 814

(78)* a7* (83
WTSAR 0.06 0.03 0.13  0.02 0.12  0.09
(mm/1000
cycles)
PRDAR(%) 42 2.8 74 34 75 6.6

*Data in brackets are the value of ITSR after 1 freezing cycle
(Lottman test)
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Figure 4. The indirect tensile strength of dry and wet
samples and wet samples with one freezing cycle.

mixture strengthens the bond between aggregate and
bitumen and reacts with highly polar molecules of
bitumen. That stiffer and tougher bond better resists
freezing water stresses. It could be assumed the wear-
ing course durability in terms of resistance to fail-
ures caused by winter freeze-thaw cycles (raveling,
potholes etc.) should be better.

Based on test result it can be stated the resistance of
asphalt mixtures to permanent deformation is affected
by bitumen type (Figure 5). The polymer modified
bitumen with softening point of 89°C ensure sufficient
wheel tracking resistance of mixture at the test temper-
ature of 50°C. The mixture with filler Varin had worse
results of deformation parameters using both tested
bitumens. Markedly filler Varin affected properties of
the asphalt mixture with PGB 50/70. The permanent
deformation parameters were changed WTSar (from
0.06 to 0.13 mm per 10° cycles) and PRDar (from
4.2 to 7.4%). The test result of the mixture AC11 with
the bitumen 50/70 and the filler Varin did not ful-
fill the Slovak requirements (W7Sar max 0.07 mm
per 10° cycles and PRDjg max 5.0 %). The addi-
tion of hydrated lime caused the stiffening effect, the
increase of bitumen softening point, the decrease of
wheel tracking slope and proportional rut depth after
10000 load cycles.
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Figure 5. The wheel tracking test results of mixtures.
4 CONCLUSION

The mineral filler in an asphalt mixture affects the mix-
ture’s performances: filler influences the amount of
asphalt content; filler affects workability during mix-
ing and compaction, and final properties of asphalt
mixtures.

The test results showed that the properties of the
used filler determine its interaction with asphalt and its
contribution to the mixture’s performance. The water
sensitivity of all tested asphalts expressed in ratio /7SR
was sufficient and similar (from 89% to 93%). The
differences in strength of mixtures were noted. The
bitumen-aggregate bond gets weakened in the pres-
ence of water. The results showed that the hydrated
lime improves the asphalt resistance to water and
freeze.

The resistance of asphalts to permanent deforma-
tion changed with filler type particularly when paving
grade bitumen was used. The wheel tracking test
parameters were changed approximately 50% level
using filler Varin (with 77% passing to 0.063 mm);
parameters WISar 0.13mm per 10° cycles and
PRD 4z 7.4% compared with the mixture with filler
Zirany (wheel-tracking slope 0.06 mm per 10° cycles
and proportional rut depth after 10000 cycles 4.2%)
The mixtures with the polymer modified bitumen
proven sufficient wheel tracking resistance.

The adding of hydrated lime to the asphalt mixture
the strengths of mixture get rise by reason of stiffen-
ing effect on bitumen. The softening point of bitumen
and bitumen mastix increased and the wheel tracking
slope and proportional rut depth after 10000 cycles of
loaded wheel decreased. It is important to mention that
the stiffening effect of hydrated lime on mixture can
negatively influence the asphalt fatigue performance.
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In situ service capability of tack coats

C. Raab & M.N. Partl
Empa, Duebendorf, Switzerland

ABSTRACT: The use of tack or bond coats between different pavement layers is state of the art in most
countries. Despite this fact, there are still some unanswered questions about best practice of application and
additive and enduring effects of tack coats. The paper summarizes the results of an in situ evaluation of tack coats
use and performance in Switzerland. In this research different parameters such as the influence of tack coat kind
(polymer modified/non-polymer modified) and amount (application rate) of tack coat as well as the influence of
time of application and the effect of application on milled surfaces were investigated. Further, an important point
regarding the effectiveness of tack coats is the question of long term performance resp. the question after what time
the bond will be optimal developed. Therefore, bonding properties determined directly after construction were
compared to bonding properties determined after 2 months and bonding properties determined after trafficking.
The results showed that the influence of short term curing and accelerated traf-ficking was not always visible
but that the bonding properties clearly improved over a longer period of time.

1 INTRODUCTION 2 OBIECTIVE

Tack or bond coats are commonly used between the = The paper summarizes the results of an in situ evalua-
different layers in a bituminous road construction  tion oftack coats use and performance in Switzerland.
(Kulkami, 2004; Raab & Partl, 2006). Especially in ~ The objective of this study supported by the Swiss
case of rehabilitation measures when parts of the pave- ~ Road Administration ASTRA was the field evalua-
ment or damaged layers are replaced tack coatshaveto  tion of the short and long term bonding properties
ensure the adhesion between the old and the new pave- ~ between the pavement layers regarding different tack
ment parts thus providing a good functionality of the  coats types and application rates.

whole construction. Although the benefit of using tack In order to determine the development of bonding
coats isnot debated (Hachiyaetal., 1997; Mohammad,  properties over time they were measured directly after
2002; Recasens, et al., 2003; Canestrari, et al., 2005)  construction, 5 to 9 months after construction and after
it is not clear how much tack coats effectively con-  trafficking for two resp. three years.

tribute to the bonding properties. In most cases tack Beside the evaluation of long term performance of
coats are applied empirically based on the practical  bonding properties under real traffic conditions, an
experience of contractors and consultants. Parameters,  accelerated traffic simulator was used on two of the
such as type, surface characteristics and age of the 10 evaluated test sites. Here, the bond values were
underlying layer play an important role, although their ~ evaluated 2 months after construction and after the
influence is often neglected in reality. Generally there  application of 150’000 load cycles. On one test site
is also disagreement concerning tack coatrateandtack  the testing was done at two different positions.

coat type (polymer modified versus non-polymer mod-

ified). Many investigations (West, 2005; Mohammad

et al., 2002; Uzan, et al., 1978; Romanoschi & Met- 3 TEST SITES

calf, 2002) confirm that there is an optimum for the

tack coat rate, depending on bitumen type, mixture  For the project 11 test sites were chosen. The pave-
and pavement properties, temperature as well as fur-  ment was either 2 or 3 layered. The surface layer
ther parameters. On the contrary, in a more recent  material consisted either of asphalt concrete pavement
study Mohammad (Mohammad et al., 2009) couldnot ~ (AC) or a so-called semi dense pavement layer AC
find an optimal application rate. An interesting ques-  SDA according to a Swiss Guideline (Swiss Guideline
tion is further the influence of time of application the ~ SNR 640426, 2012), both with a maximum aggre-
tack coats and the development of bonding proper-  gate size of 8 mm. The binder courses were either
ties over time. Here, a laboratory study (Raab & Partl,  asphalt concrete (AC) or high modulus asphalt con-
2009) could give first indications for a positive time  crete (AC EME 1) with a hard binder (Swiss Standard
effect, but long term investigations and investigations SN 640340), again the maximum aggregate size was
including real traffic are still missing. 22 mm for both type of pavements. Similarly, for the
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Table 1.

Pavement type of all test sites.

Pavement type

No. layer 1 layer 2 layer 3

1 ACS8 ACT22 -

2 AC8 ACT22 -

3 AC8 milled, existing -

4 AC SDA 8 ACEME 1 ACT?22

5 AC8 ACEME 1 milled, existing
6 ACS8 ACEME 1 AC EME 2

7 ACS8 ACB22 ACT22

8 ACS8 ACB 22 ACT22

9 AC 8 AC BT 22 milled, existing
10 AC 8 ACEME 1 milled, existing
11 AC SDA 8 ACEME 1 milled, existing

Table 2. Tack coat types and rates of all test sites.

Tack coat type Application rate
g/m?

No. Interface 1 Interface2 Interface 1  Interface 2
1 HC - 200 -
2 HCP - 200 -
3 HC - 300 -
4 HCP - 250 350.
5 HCP HCP 250 450
6 HCP HCP 250 350
7 HCP HCP 200 300
8 HC HC 250 400
9 HCP HCP 250 450
10 HCP HCP 250 300
11 HCP HCP 250 400

base layer either asphalt concrete (AC) or high mod-
ulus asphalt concrete with a hard binder (AC EME
2) according to the Swiss standard (Swiss Standard
SN 640340) and a maximum aggregate size of 22 mm
were used.

In order to evaluate the influence of a milled sur-
face in some cases the tack coat and the overlay were
applied on the milled surface of the existing pave-
ment. Since tack coats in Switzerland normally consist
of cationic bituminous emulsions (European Standard
EN 13808, 2005), this kind of tack coat was chosen;
they were either non polymer modified (HC) or poly-
mer modified (HCP) emulsions. The evaluated test
sites including pavement and tack coat type as well
as tack coat application rates are shown in Tables 1
and 2.

4 TESTING

The interlayer bond properties between the different
pavement layers were determined using the Leutner
shear test (Leutner, 1978). Figure 1 shows the device.
The test speed was 50 mm/min and all specimens were
tested at a temperature of 20°C. Before testing all cores

Figure 1. Shear bond test device according to Leutner
(Leutner, 1978).

having a diameter of 150 mm were conditioned in a
temperature controlled chamber at 20°C.

For every test section at least 6 replicates (some-
times even up to 15) were used to determine the
average shear force.

5 ACCELLERATED TRAFFICKING

For accelerated pavement trafficking the Traffic Sim-
ulator MLS10 (Mobile Load Simulator) was used
(Arraigada et al., 2012).

The MLS10 is a machine that simulates full-scale
truck loading on pavements. The machine loads the
pavement with unidirectional tire passings in a length
of about 4.2 m, simulating the load of half an axle of
a truck. The rolling speed of the tires can go up to
22 km/h, reproducing the passing of up to 6000 half
axles per hour. A hydro-pneumatic suspension system
allows setting the loads applied by the tires up to 65 kN,
corresponding to a 130 kN axle load.

The MLS10 has a total weight of 32 t and essentially
consist of a steel frame made of two large vertical iron
plates connected through four robust tanks of about
2 mlength and 1m in diameter, thus creating a very stiff
frame for the whole system. One of'the tanks is used for
water storage and the other three for diesel, each hav-
ing 1300 liter capacity. This provides additional ballast
and allows operating the on-board diesel engine of the
machine for about 300 h without refueling. The engine
is coupled with a generator that delivers the required
power of 50 kW/h for a fully autonomous operation of
the machine. Attached to the internal face of the frame
plates are two pairs of guide rails that form a closed
loop path, like a chain saw.

The tires for loading the pavement are mounted in
four bogies, which are strong steel framed carriages
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Figure 2. Frame and detail of one of the bogies; schema of
the loading principle; view of the MLS10.

that are assembled to a chain rolling along the guide
rails. The four bogies of the MLS10 have steel wheels
that fit within the rails. The bogies are pulled contact-
less by 24 linear induction motors (LIM). The rails
are built in such a way that the freely revolving tires
touch down smoothly to the surface before loading the
pavement along the trafficked path length.

The MLS10 is equipped with four transport wheels
which can be raised and lowered hydraulically, thus
lifting up the whole frame by about 1m and giving
room for maintenance work, such as checking tire pres-
sures and pavement sensors as well as measurements
of profiles together with crack and damage inspec-
tion. The transport wheels allow maneuvering of the
machine around the test site and driving the MLS10
to or off low bed trucks for long distance transport.
The possibility of easily transporting the MLS10 on
a flatbed truck makes it fully mobile. A detail of the
frame and bulk view of the MLS10 is presented in
Figure 2.

The MLS10 was in this case used for simulating
traffic load in an accelerated way. Two motorway sites
were chosen and on each test site 150’000 cycles were
applied. The MLS10 was setup to apply 65 kN in each
of the four bogies, using a super single tire configura-
tion. This corresponds to half of a 130kN axle load.
The tire pressure was set to 10.5bar. The trafficking
speed used for the tests was 22km/h. The load was
channelized, i.e. no lateral wandering was applied.
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Figure 4. Shear forces for pavement type 6, AC EME 1 on
AC EME 2.

6 ACCELERATED TESTING WITH MLS 10

Both test sections tested with accelerated traffic simu-
lation had a three-layered pavement structure (motor-
way) according to type 6 with AC 8 for surface course
on top of two high modulus asphalt concrete courses
and type 10 with AC 8 surface and a high modulus
asphalt concrete on top of the milled existing layer
(see Figure 2). For type 10, two positions were tested.

Figures 3 to 6 show the results for the bond val-
ues (maximum shear force). From the Figures it is
obvious that trafficking with the traffic load simulator
MLS10 did not lead to a measurable increase of the
bond forces. In case of the surface layer of both pave-
ment types, the values after loading show quite a big
scattering (high standard deviation), which indicates
the potential of shear force increase due to MLS 10
loading.

Overall the bond forces are quite high from the
beginning (requirement according to the Swiss stan-
dard is only 15kN for surface course and 12kN for
the other layers). For the lower layers in Figure 4, the
shear strength was around or even exceeded 50 kN, the
measurable load of the machine, therefore an increase
would not have been shown.

Further, it is worth mentioning, that all MLS10
loading took place at lower temperatures (0° to 5°C).
This and the fact that a number of 150°000 cycles
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might not be enough for such a strong and stiff pave-
ment structure (motorway) can explain the unexpected
results.

7 RESULTS OF BOND TESTING

All test results for the bond testing (maximum shear
force) directly after construction show for all the sites,
all kind of pavement layers and for all types of tack
coat very high values >20kN (see Figures 7 and 8).
For all surface and binder courses the values are
above the requirement from the Swiss standard (Swiss
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Figure 8. Maximum shear forces for the bond between

binder and base layer, solid line (12kN) stands for the
requirement according to Swiss standard for all investigated
sites.

Standard SN 640434, 2011) of 15kN for a 150 mm
diameter core and for the lower layers they are far
above the required 12 kN.

The investigation shows that the cationic emulsions
used in Switzerland seam to work very well.

In this investigation the average value of the max-
imum shear force does neither depend on the mix-
ture type of the layer nor the type of tack coat
(polymer modified versus non-polymer modified).
Further, the application rate between 200 g/m? and
300 g/m2appears to have no influence on the measured
maximum shear force, which also means that varying
the applied amount according to surface roughness and
the maximum aggregate size of the underlying layers
seems to work well.

8 DEVELOPMENT FOR BOND OVER TIME

When looking at the development of the bond values
over time as selectively depicted in Figures 9 and 10
for the three-layered pavement type 7, it becomes clear
that shear bond values increase with time. The increase
after 3 years (36 months) due to traffic compaction is
inmost cases smaller than the short term (after 5 resp. 9
months) increase due to curing and traffic compaction.

The Figures give the mean shear force — shear dis-
placement curves for all determined bond values; the
standard deviation is also depicted.

Figure 11 clearly shows the evolution of shear forces
over time since the shear bond for this layer had been
tested additionally 6 days after construction. As visible
from the Figure there is a small, but noticeable increase
of bond values after 6 days which can be contributed
to the curing of the tack coat (cationic emulsion). The
shear force increase over 3 years is about 50% or more
than 10kN for the bond between surface and binder
course and about 25% or 6 kN for the bond between
the lower layers.

Overall the greatest improvement of bonding prop-
erties can be determined after 5 resp. 9 months,
although the bond values further increased due to traf-
fic induced compaction as the measurements after 36
months show.
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Figure 9. Shear force — displacement curves for surface and
binder course of pavement type 7.
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Figure 11. Maximum shear forces for the bond between sur-

face and binder layer after construction, after 9 to 12 months
and after 24 to 36 months for all investigated sites.

Additionally in Figures 12 and 13 the development
of shear forces over time is given for all investigated
layers and test sites. The Figures clearly show the
increase of shear forces with time.
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Figure 12. Maximum shear forces for the bond between
binder and base layer after construction, after 9 to 12 months
and after 24 to 36 months for all investigated sites.

9 CONCLUSIONS

Tack or bond coats are commonly used between the
different layers in a bituminous road construction. In
Switzerland they normally consist of cationic bitu-
minous emulsions. A study investigating the short
and long term behavior of tack coats looking at the
bond values between pavement layers revealed the
following:

— All test results for the bond testing at a test temper-
ature of 20°C (maximum shear force) directly after
construction show for all the sites, all kind of pave-
ment layers and for all types of tack coat (polymer
modified versus non-polymer modified) very high
values.

— The shear forces are generally >20kN while the
requirements according to the Swiss Standard only
demand 15kN for the bond between surface and
binder course and 12 kN for the bond between all
other layers.

— The investigation shows that the cationic emulsions
used in Switzerland seam to work very well.

— The average value of the maximum shear force at
a test temperature of 20°C does neither depend on
the mixture type of the layer nor the type of tack
coat (polymer modified versus non-polymer mod-
ified). The application rates between 200 g/m? and
450 g/m? appear to have no influence on the amount
of the maximum shear force, which also means that
varying the applied amount according to surface
roughness and the maximum aggregate size of the
underlying layers as it is done in Switzerland seems
to work well.

Looking at the development of bond properties over

time reveals a clear increase of shear forces due to

curing and traffic compaction.

— The curing effect can already be seen when com-
paring test values directly after construction with
values determined after 6 days.

— The greatest improvement of bonding properties
can be generally determined after 5 resp. 9 months,
although the bond values further increased due to
traffic induced compaction as the measurements
after 36 months show.
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— Accelerated trafficking with the Mobile Traffic
Simulator MLS10 did not lead to a measurable
increase of the bond forces. Here it was found that
the relative low test temperatures between 0°C and
5°C as well as the applied traffic load of 150’000
cycles was not enough for the strong and stiff
motorway pavement constructions.
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Investigating rheological effects of WMA additives by means of a
viscometer and a newly designed workability device
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ABSTRACT: The objective of this study is to analyze the effects of organic and inorganic warm mix asphalt
additives on bitumen viscosity by ring and ball softening point device, rotational viscometer and workability
device. Sasobit and Aspha-min are used as commercial organic and inorganic additives, respectively. Viscosity
experiments are the first step of the laboratory stage, to determine the changes in bitumen characteristics caused
by adding warm mix asphalt additives. Viscosity measurement is an appropriate method for organic and chemical
additives as they can finely disperse and show their effect directly in bitumen. However, effects of inorganic
additives on bitumen cannot be monitored by means of a viscometer. Due to this reason, a workability device was
designed to measure the contribution of the additive to bitumen by measuring torque changes with adjustable
temperature, time and mixing speed.

1 INTRODUCTION European countries are already using warm asphalt

technologies that allow reductions in mixing and com-
Hot mix asphalt (HMA), is used as the primary paving  paction temperatures of about 20 to 55°C. The asphalt
material in the world, which consists of aggregate and  industry has developed several methods to reduce mix-
asphalt binder which are heated and mixed together.  ing and lay-down temperatures of asphalt mixtures. In
The primary sources of emissions in an asphalt plant  principle, there are three major methods for the prepa-
are the mixers, dryers and hot bins, which emit par-  ration of asphalt mixtures at low temperatures. These
ticulate matter, such as dust, smoke, exhaust vapor =~ methods are based on foaming, water bearing agents
and other gaseous pollutants. Some other sources of  and special bitumen additives.

emissions found at an asphalt plant are the storage The foaming process generally produces tiny steam
silos, truck loading operations, binder storage tanks,  bubbles inside the asphalt binder, which causes a vol-
conveyors, stockpiles etc. ume increase, leading to increased wettability of the

In order to reduce the emissions from asphalt  binderand lower high shear viscosities (Koenders et al.
plants, the asphalt industry is constantly trying to  2000).
reduce mixing and compaction temperatures of mixes, The method with water bearing agents is based on
without significantly affecting their properties. The  the release of chemically bound water from the addi-
asphalt industry has been experimenting with warm  tives into the binder during the mixing process. Release
and cold asphalt mixtures for decades to reduce energy  of this water leads to a finely dispersed steam when
requirements and for environmental benefits (Sutton it comes in contact with the heated aggregate and

2002). binder. The fine steam bubbles lead to micropores that
Warm mix asphalt (WMA) is an asphalt mixture  improve the compaction properties of the binders.
which is mixed at temperatures lower than conven- The third method is based on adding special addi-

tional hot mix asphalt. Typically, mixing temperatures  tives to the binder to reduce its viscosity. Such types of
of warm mix asphalt range from 100 to 140°C com-  additives typically consist of paraffinic hydrocarbons.
pared to mixing temperatures of 150 to 180°C for  Paraffins are generally soluble in the asphalt binder in
hot mix asphalt. Thus, warm mix asphalt has been  the temperature range of 80-120°C. When dissolved
gaining an increasing popularity in recent years. Ris-  in binders, they lead to a significant reduction in
ing energy prices, global warming and more stringent  viscosity.

environmental regulations have resulted in an inter- In this study, the effects of organic (Sasobit) and
est in warm mix asphalt technologies as a mean to  inorganic (Aspha-min) warm mix asphalt additives on
decrease energy consumption and emissions associ-  bitumen viscosity were investigated by employing a
ated with conventional hot mix asphalt production  rotational viscometer and a newly developed workabil-
(Jones 2004). ity device. The effects of the additives on the softening
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Figure 1. Viscosity measurement preparation and test setup.

Figure 2. Ring and ball softening point preparation and test
set-up.

point of bitumen were also examined for different
ratios of additives.

2 EXPERIMENTAL

In the study, 50/70 TUPRAS bitumen was used as
binder whereas Sasobit and Aspha-min were used as
organic and inorganic additive, respectively. Viscosity
measurements were performed by using the Brook-
field (RVDV-II+P) viscometer device according to
standard test method ASTM D4402 (2013). At given
mixing temperature, mixing time and mixing speed, 70
g of bitumen and selected amounts of additives were
mixed by using an appropriate agitator. After this mix-
ing step, the blend was placed in a sample tube which
was then transferred to the viscometer set at the desired
measurement temperature. The viscosity measurement
set-up is shown in Figure 1.

Ring and ball softening point measurements were
performed according to TS EN 1427 and ASTM D36
standards (Fig. 2) (ASTM D36 2014) In the measure-
ments, bitumen temperature was started at 5°C and
increased with a 5°C/min rate until softening occurred.

Table 1. Workability device components.

Component Remark

Paddle Modified paddle blade
Motor 1.5kW power
Transducer KTR GmbH

Bowl 6 liters

Heater and Thermometer Electrical jacket (0-250°C)
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Figure 3.

Workability device.

Viscosity measurement is an appropriate method
for organic and chemical additives as they can finely
disperse and show their effect directly in bitumen.
However, the effects of inorganic additives on bitu-
men cannot be monitored by means of a viscometer:
due to this reason, a workability device was designed
to measure the contribution of the additive to bitumen
by measuring torque changes with adjustable temper-
ature, time and mixing speed (Gudimettla et al., 2003;
Bennert, 2009; Mogawer, 2008; Khalil et al., 2011).

The newly designed workability device consists of
amixer unit, a torque reader unit, a motor and a control
panel (Table 1).

It was used to determine the effects of additives by
mixing the aggregate, additive and bitumen at the same
time (Fig. 3).

3 RESULTS AND DISCUSSION

3.1 Effect of additive amount

The effect of additive amount on bitumen viscosity was
studied by preparing blends at a mixing rate of 800 rpm
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Figure 4. Viscosity results.

for 10 min. at 135°C. The additive amounts by weight
of bitumen were in the range of 0—5 wt% and the results
are shown in Figure 4. When 5 wt% organic additive
was used, bitumen viscosity decreased by 32% com-
pared to the viscosity of the bitumen without adding
any additive.

According to a previous study (Wasiuddin 2007),
usage of Sasobit in PG64-22 bitumen caused a
decrease of viscosity. Viscosity of pure PG64-22 at
135°C was measured as 475cP. After addition of 2 wt%
and 4 wt% Sasobit, bitumen viscosities were recorded
as 335 and 317cP, respectively.

When 5 wt% of inorganic additive was added to the
bitumen, viscosity increased by 8%. As the foaming
and viscosity reduction properties of inorganic addi-
tive occur immediately after the adding process and
the additives were mixed for 10 min before the sample
was put into the viscometer, the additive effect could
not be detected.

A few theoretical models have been presented for
the determination of a particle suspension viscosity.
Einstein presented a simple model for fluids with a low
concentration of spherical particles as follows (Albert,
1906). This formula is valid for a very low particle
volume fraction (Eq. 1):

br="—"=1+e¢p (1)

where ¢ = dispersed solid volume fraction in the lig-
uid (¢ = 0.02); & = viscosity coefficient for very small
solid particle (¢ is 2.5 where solid concentration
%1-10); u = viscosity; r =relative; bf =blank fluid;
eff = suspension.

When the experimental results and those from the
Einstein model are compared to each other (Fig. 5), it
can be seen that they perfectly fit. This proves that
the viscosity reduction effect of an inorganic addi-
tive could not be detected by the viscometer and that
additive behaves like a filler agent, and increases the
viscosity after a period of time it is added to bitumen.

3.2 Ring and ball softening point

Softening point is defined as the temperature at which
a bitumen sample can no longer support the weight

Figure 5.
data.

Comparison of Einstein model and experimental

Table 2. Ring and ball softening point results.

Asphalt additives

Additive ratio Aspha-min Sasobit

% °C °C
45.0 45.0

3 49.0 72.0

5 49.5 92.0

6 49.5 93.0

7 50.0 93.0

of'a 3.5 g steel ball. Basically, two horizontal disks of
bitumen, cast in shouldered brass rings, are heated at
a controlled rate in a liquid bath while each supports
a steel ball. Softening point is reported as the mean of
the temperatures at which the two disks soften enough
to allow each ball, enveloped in bitumen, to fall for a
distance of 25 mm.

Ring and ball softening point test is of one the
criteria to define the stability of asphalt roads. Soft-
ening point is particularly important in extreme hot
and cold climates. In warm climate regions, if soften-
ing point of bitumen is too low, the mixture in which
it is included flows. On the contrary, in cold climate
regions, if softening point of bitumen is too high, then
asphalt mixtures may hav