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HIGHLIGHTS

e Asphalt mixtures with 100% Linz-Donawitz (LD) slag were produced for the first time and performance characteristics were
investigated.

¢ A wide range of performance related tests were conducted to assess the suitability of LD slag in asphalt mixtures.

o Suitability of LD slag for asphalt pavement construction was shown.
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Keywords: types of asphalt mixtures prepared with 100% LD slag aggregate and a conventional asphalt
Linz-Donawitz slag mixture containing natural Gabbro aggregate. Sophisticated testing methods were used to
Low-temperature cracking evaluate the key performance parameters for the set of asphalt mixtures investigated. In
Permanent deformation this study, low temperature cracking was addressed through thermal stress restrained
Fatigue specimen tests. Penetration tests and cyclic compression tests were used to evaluate the

response of asphalt binder and asphalt mixture to permanent deformation due repeated
loading, respectively. The cyclic indirect tensile test was selected for investigating both
stiffness properties and fatigue resistance. For this purpose the complex stiffness modulus
was measured to quantify material stiffness under different temperature and loading
conditions providing information on the visco-elasto-plastic material behavior. Fatigue
tests were used to determine the progressive and localized material damage caused by
cyclic loading. The experimental results indicate that asphalt mixtures prepared with LD
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slag are suitable for asphalt pavement construction and that in most cases they perform
better than conventional asphalt mixtures prepared with Gabbro aggregate.
© 2017 Periodical Offices of Chang'an University. Publishing services by Elsevier B.V. on
behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Background and scope
1.1. Use of slag in asphalt mixtures

The production process of steel results in a significant amount
of slag by-product: approximately 1 ton of slag per 3 tons of
stainless steel (Proctor et al.,, 2000). For Europe, every year
nearly 12 million tons of steel slag is produced. The
European Union has among its targets an efficient use of
natural resources; within this framework, the asphalt
industry needs to recycle industrial wastes such as steel slags.

In Germany, the use of slags in asphalt mixtures has along
tradition. A number of research efforts were performed by the
German Research Association on blast furnace and steel slags
so that the material characteristics of slags are well known
(Barisi¢ et al., 2010; Motz and Geiseler, 2001; Yi et al., 2012;
Yusof, 2005). At international level, research activities
centered their effort addressing the chemical and physical
properties of slags used in asphalt mixtures. Xue et al. (2006),
Wu et al. (2007) and Wen et al. (2014) evaluated the possibility
of using steel slag as aggregate in stone mastic asphalt (SMA)
mixtures; mechanochemistry and physical changes of the
steel slag were investigated through X-Ray diffraction (XRD)
analysis, scanning electron microscopy (SEM),
thermogravimetry analysis (TGA) and mercury porosimeter
tests. Based on the experimental results, they concluded
that steel slags can be used as aggregate since they
represent an alternative, cost effective and environmentally
friendly aggregate source. The use of steel slag in asphalt
mixture was also addressed by Ziari and Khabiri (2007) and
Norman et al. (1992) based on Marshall and stability tests
according to European Standard EN 12697-34 (CEN, 2012c).
Kandhal and Hoffman (1997) and Shatnawi et al. (2008)
evaluated the application of steel slag in hot asphalt
mixture. Kara et al. (2004) used steel slag to prepare asphalt
pavement mixtures for base, binder and wearing courses.
According to the authors, the physical properties of steel
slag satisfied the standards requirements for asphalt
mixture production. Regarding skid resistance of asphalt
mixture containing steel slag, Asi (2007) stated that mixtures
containing 30% slag have the highest skid number compared
to Superpave, SMA, and Marshall mixtures. In addition, a
positive effect of steel slag on rutting resistance and fatigue
performance was identified (Asi et al., 2007). One of the most
critical possible drawbacks associated to the use of steel slag
is volume expansion caused by hydration of lime or
magnesia components. Hence, high levels of free lime or
magnesia may cause cracking of asphalt pavement. The
simplest solution to limit this deleterious effect is obtained
by aging slags or by accelerating the hydration reaction with

water. Alternatively, slag washing can be used, so that
minimal volume expansion occurs (Kneller et al., 1994).

1.2 Objective

The objective of the presentresearch is to determine how the use
of LD slag in asphalt mixtures affects the functional perfor-
mance of pavement construction, and specifically, in compari-
son to conventional mixtures prepared with natural aggregates
such as Gabbro. The results of this study and the recommen-
dation for construction process are discussed in this paper.

2. Research approach

The research approach used in this study is based on an exten-
sive experimental program which includes different test
methods to assess the mechanical response and the perfor-
mance of the asphalt mixture composite prepared with different
aggregates, steel slag and natural Gabbro. The following prop-
erties were evaluated on a set of 8 asphalt mixture variants used
in the different structural layers which an asphalt pavement is
made of surface, binder and base layers (Asphalt Institute, 2007).

e Resistance to permanent deformation.

e Stiffness.

e Fatigue resistance.

e Resistance to low-temperature cracking.

3. Materials

A total of 8 asphalt mixtures were prepared in the asphalt
pavement laboratory. Four different types of mixtures, each
with natural Gabbro aggregate and LD slag, were designed
using a standard 50/70 asphalt binder and an SBS modified
binder with 45/80-65 penetration grade according to European
Standard EN 1426 (CEN, 2013a) and ring and ball temperature
according to European Standard prEN 1427 (CEN, 2013b).

e MA 11 S (surface layer, mastics asphalt, high filler content).

e SMA 11 S (surface layer, stone mastic asphalt, low filler
content).

e AC 16 B S (binder layer, asphalt concrete with a maximum
aggregate size of 16 mm).

e AC 22 T S (base layer, asphalt concrete with a maximum
aggregate size of 22 mm).

Asphalt mixtures were chosen to ensure that all layers of an
asphalt pavement structure (surface layer, binder layer, and
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base layer) are taken into account. Furthermore, conventional
asphalt mixtures with different filler content were used. The
corresponding mix design was chosen in accordance with the
German Technical Standard: TL Asphalt -StB 07 (FGSV, 2007).

4, Test methods

In order to address the performance characteristics, durability
and skid resistance of asphalt with LD slag and with conven-
tional (natural) Gabbro aggregate, asphalt specimens were
produced and then tested according to the methods described
hereafter. The results obtained from asphalt mixtures pre-
pared with LD slag were then compared to the experimental
data measured on asphalt mixtures containing natural Gabbro
aggregate. Results and discussion are presented in Section 5.

4.1. Resistance to permanent deformation

Deformation resistance was addressed by the following two
tests.

(1) Cyclic compression test in accordance with European
Standard EN 12697-25 (CEN, 2005) for rolled asphalt SMA
11S,AC16BSand AC22TS.

(2) Penetration test in accordance with European Standard
EN 12697-25 for mastic asphalt MA 11 S.

In cyclic compression test (Fig. 1(a)) a cylindrical specimen
is subjected to repeated pulsed compressive load for 0.2 s,
followed by a 1.5 s rest period at a test temperature of 50 °C.
During the test, irreversible deformations along the loading
direction are recorded for each load cycle. The specimen is
positioned centrally under the loading frame to ensure most
homogeneous load distribution.

The load curve is characterized by the lower stress level oy,
and the upper stress level o,. o, ensures contact between
specimen and load stamp. The test starts with the application
of the first load cycle. A constant upper stress of ¢, = 0.35 MPa
was chosen for testing.

The test ends as soon as 10,000 cycles are reached or when
a deformation of 40%. is exceeded. The basis of evaluation is
the creep curve, which shows the evolution of the irreversible
permanent deformations in the specimen.

For the evaluation of deformation resistance, the following
parameters are used for characterization.

(a) (b)

T=50T
g
g
. Specimen
— @56.4mm
Rigid support
100 mm |I= @150 mm =|I

Fig. 1 — Test principle. (a) Cyclic compression test principle.
(b) Penetration test principle.

e ny (—), number of load cycles at the turning point.
e &y (%o), strain at the turning point.

In the penetration test (Fig. 1(b)) the dynamic penetration
(ETdyn) is determined. The specimen is subject to a
sinusoidal load for 0.2 s followed by a rest period of 1.5 s.
The test ends when 2500 load cycles (including load pulse
and rest period) are reached. Penetration depth at end of test
is documented. The test temperature was set to 50 °C.

4.2. Stiffness and fatigue resistance

Stiffness and fatigue resistance (cracking resistance to
repeated loading) are addressed by cyclic indirect tensile test
according to the European Standard EN 12697-24 (CEN, 2012a).
A sinusoidal load is applied to a cylindrical asphalt specimen
via two diametrically opposite load transfer rails. To stabilize
the position of the asphalt specimen in the loading frame, a
seating load equivalent to a stress of ¢, = 0.035 MPa is
applied, while the maximum stress o, is chosen based on
elastic horizontal strain e, between 50 and 100 m/m. Tests
were carried out in a temperature—frequency sweep mode
as shown in Table 1. Resulting parameter is stiffness
modulus in function of frequency, represented by isotherm
plot and by master curve plot.

Fatigue performance is obtained based on a continuous
cyclic loading procedure in the non-linear domain. Stress is
varied in a way that initial strains are in a range of 0.05%.—
0.30%0 and the number of load cycles until macro cracking
(drop in stiffness modulus by 50%) is in the range of
10,000—1,000,000 load cycles on cyclic indirect tensile test
were carried out under the conditions specified in Table 2.
Resulting parameters are the number of load cycles until
macro cracking and the material-specific fatigue function.

4.3. Resistance to low-temperature cracking

In order to determine the resistance to low-temperature
cracking, prismatic asphalt specimens were subjected to
thermal stress restrained specimen tests in accordance with
European Standard EN 12697-46 (CEN, 2012b).

Prior to the test, a prismatic specimen having dimensions
40 mm x 40 mm x 160 mm were glued to steel adapters. After
a minimum of 48 h glue curing, specimens are installed in the
test device. During thermal stress restrained specimen test,
the length of the specimen is held constant through a set of
linear variable displacement transformer (LVDT), while its
temperature is decreased from an initial value of T = +20 °C
with a constant cooling rate of AT = —10 °C/h. A close-loop

Table 1 — Experimental parameters for the determination

of stiffness based on cyclic indirect tensile test according
to EN 12697-24.

Parameter Values/response

Test temperature (°C)
Loading frequency (Hz)
Result

420, +10, 0, —10
0.1, 1, 5, 10

Stiffness modulus

|E| in MPa and master-curve
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Table 2 — Experimental parameters for determining the

fatigue performance based on cyclic indirect tensile test
according to EN 12697-24.

Parameter Values/response
Test temperature (°C) +20
Standardized form 10

Result Number of load cycles until
macro crack

Fatigue function

Nitakro = C1€57 e With material

specific parameters Cq, C,

control system keeps the specimen at constant length. Due to
the prohibited thermal shrinkage, the specimen is subjected
to an increasing (cryogenic) tensile stress. The test ends at a
minimum test temperature of T = —40 °C or at failure, when
the cryogenic stress exceeds the tensile strength of the
asphalt mixture, respectively.

The test returns a temperature-dependent function of
cryogenic stress oy (T) (MPa), a failure stress o (Mpa) and a
failure temperature T (°C).

5. Results and discussion

5.1. Resistance to permanent deformation
Penetration depths observed for mastic asphalt (MA 11 S with
LD slag and with natural Gabbro aggregate) are shown in
Fig. 2(a). After 2500 load cycles, MA 11 S with LD slag showed
much lower penetration depth compared to the MA 11 S
with natural Gabbro aggregate. The use of LD slag in mastic
asphalt leads to an advantageous deformation resistance
compared to mastic asphalt with natural Gabbro aggregate.

Deformation resistance of stone mastic asphalt SMA 11 S
(Fig. 2(b)) shows the same tendency as for the mastic asphalt
variants. The number of tolerable load cycles until the
turning point of the SMA 11 S with LD slag is significantly
higher than for the SMA 11 S with natural aggregate Gabbro.
The resulting strains are comparable in magnitude. Hence, a
trend similar to those observed for MA 11 S is shown by the
SMA 11 S when using LD slag.

The deformation resistances in terms of number of load
cycles at the turning point for the asphalt mixtures for binder
and base courses (AC 16 B S and AC 22 T S with LD slag and

C)

0.81

0.61

0.4r

0.21

Penetration depth (mm)

MA 11 S + Gabbro MA11S +LDslag
Mastic asphalt

Number of load cycles at the

with natural Gabbro aggregate, respectively) are shown in
Fig. 3. The results indicate an opposite trend compared to the
asphalt mixtures for surface layer (MA 11 S and SMA 11 S). The
number of tolerable load cycles until the turning pointis much
lower for mixtures prepared with LD slag; the resulting strains
are comparable in magnitude.

Concerning the disadvantageous deformation behavior of
the asphaltbinder and asphaltbase mixtures prepared with LD
slag, it has to be noted that similar mix design (same gradation
and bitumen content) was used for mixtures containing nat-
ural and recycled aggregates. Consequently, LD slag mixtures
showed higher air voids contents (up to 3.0 vol%). This is due to
a higher asphalt binder demand of LD slag associated with
their porous structure. High air voids contents negatively
affect stiffness and resistance to permanent deformation.

5.2. Stiffness and fatigue resistance

The stiffness of the asphalt surface mixtures (mastic asphalt
MA 11 S and stone mastic asphalt SMA 11 S, each with LD slag
and natural Gabbro aggregate) is shown in Fig. 4 in terms of
modulus E (complex modulus) in function of temperature.
The resulting stiffness is for all asphalt surface mixtures at a
comparable level, regardless of whether LD slag or natural
Gabbro aggregate was used.

The stiffness of the asphalt binder and asphalt base course
mixtures (AC 16 B S and AC 22 T S, each with LD slag and
natural Gabbro aggregate) are comparable too (not shown).
Overall, a minimal decrease in stiffness can be observed for
mixture prepared with LD slag. Nevertheless, this is negligible
and does not significantly affect the performance of asphalt
pavement under traffic loading.

Fatigue resistances of the asphalt surface mixtures (mastic
asphalt MA 11 S and stone mastic asphalt SMA 11 S, each with
LD slag and natural Gabbro aggregate) are shown as Wohler
curvesin Fig. 5. Similar fatigue resistance is shown for mixtures
prepared from natural and recycled aggregates (LD slag).

Fatigue resistances of the asphalt binder and asphalt base
course variants (AC 16 BSand AC22 T S, each with LD slag and
natural Gabbro aggregate) are shown as Wohler curves in Fig. 6.

The Wohler curves of asphalt binder and asphalt base
mixtures with LD slag are shifted upwards in an almost par-
allel manner with respect to those of the mixtures containing
natural aggregate. Thus, for the same elastic strain, mixtures
with LD slag can sustain a higher number of load cycles before

(b)
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w1

o
1

@51.8% strain

N

o

o
T

@50.3% strain

e

v

o
T

turning point (-)
=
o
S

wi
o
T

(=]

SMA 11 S + Gabbro SMA 11S +LDslag

Stone mastic asphalt

Fig. 2 — Deformation resistance. (a) Mastic asphalt MA 11 S with LD slag and natural Gabbro aggregate. (b) Stone mastic

asphalt SMA 11 S with LD slag and natural Gabbro aggregate.
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Fig. 3 — Deformation resistance of asphalt binder AC 16 B S
and asphalt base course AC22 T S.

30r ——SMA 11 S + Gabbro
------------- SMA11S+LD slag
----- MA 11 S + Gabbro
g0l ----MA 11S +LDslag
0]
¥
S
N 10
. | | . i,
-40 -20 0 20 40
T(C)

Fig. 4 — Stiffness of mastic asphalt MA 11 S and stone
mastic asphalt SMA 11 S.

a macro crack (material failure) appears. Therefore, the
experimental results indicate that the use of LD slagin asphalt
binder and asphalt base course mixtures leads to a higher
fatigue resistance in comparison to mixture designed with
natural Gabbro aggregate.

5.3. Resistance to low-temperature cracking

The resistances to low-temperature cracking of the asphalt
surface mixtures (MA 11 S and SMA 11 S, each with LD slagand
natural Gabbro aggregate) were determined based on thermal
stress restrained specimen tests. Fig. 7 shows the cryogenic
failure stresses (maximum stress until failure) while Fig. 8
presents the corresponding temperatures at failure.

The parameters describing the resistance to low-temper-
ature cracking are comparable for all asphalt surface mixtures
prepared with LD slag or natural aggregate. The failure
stresses observed are at a high (good) level. This level is typical
for commonly used asphalt pavement surface layers in
Europe. The failure temperatures are below —20 °C (marked in
Fig. 8), and thus on a non-critical level for thermal cracking.

10°r ——SMA 11 S + Gabbro
&~ | e SMA 11S + LD slag
g; ----- MA 11 S + Gabbro
oY ----MA11S +LDslag -
T = ¢
8 (9 '}\
< § 10 !
o 2 .‘\\
o 8 Y
5 §
Z
10° ' '
102 10" 10°

Strain (%)

Fig. 5 — Fatigue resistance of mastic asphalt MA 11 S and
stone mastic asphalt SMA 11 S.

The resistance to thermal cracking of the asphalt binder and
asphaltbase course mixtures (AC16 B Sand AC22 TS, each with
LD slagand natural Gabbro aggregate) is shown in Figs. 9 and 10.

The parameters describing the resistance to thermal
cracking indicate that the low-temperature behavior of mix-
tures with LD slag tends to provide relatively poor perfor-
mance compared to the mixture with natural Gabbro
aggregate. The failure stresses are lower and the failure tem-
peratures are higher. However, the level is evaluated as
“adequate” for European weather conditions.

6. Summaries and conclusions

In this paper, the fundamental performance properties of
different types of asphalt mixtures prepared with 100% LD
slag and natural aggregate were investigated. Resistance to
permanent deformation, stiffness, fatigue and low-tempera-
ture cracking were evaluated based on a comprehensive set of
experimental methods. The following conclusions can be
drawn.

e The use of LD slag in mastic asphalt leads to an advanta-
geous deformation resistance compared to mastic asphalt
with natural Gabbro aggregate. In contrast, asphalt binder
and asphalt base course mixtures with LD slag showed a

10°r ——AC 16 B S + Gabbro
D - . ~-AC16B S +LD slag
E; N AC22TS + Gabbro
g v \4*-—-AC22TS +LDslag
T \
8 (oJ \\ %,
—_ | LAY
& g 10* -
o &
23
5 <
= ° \

103 1 . 1

1072 107" 10°

Strain (%o)

Fig. 6 — Fatigue resistance of asphalt binder AC 16 B S and
asphalt base course AC 22 TS.
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Fig. 7 — Resistance to low-temperature cracking of mastic
asphalt MA 11 S and stone mastic asphalt SMA 11 S.

—~ -35[
o
< -30f
~
B -25¢
g
v -20
&
5 -15}
g -10
= -5t
o
0
X X X X
% 5 @ @
N O N NY O N %
NS N AR W\ <3
> O % ¥ 0 ¥ o

Asphalt mixture

Fig. 8 — Resistance to thermal cracking of mastic asphalt
MA 11 S and stone mastic asphalt SMA 11 S.

lower deformation resistance compared to the mixtures
with natural Gabbro aggregate. Due to a higher binder need
of LD slag, the mixtures with LD slag showed slightly
higher air voids contents resulting in a disadvantageous
resistance to deformation.
The stiffness of the asphalt surface, asphalt binder, and
asphalt base mixtures are at a comparable level, regardless
of whether LD slag or natural Gabbro aggregate was used.
e Fatigue resistances for the asphalt surface mixtures are at
a comparable level, regardless of whether LD slag or nat-
ural Gabbro aggregate was used. The use of LD slag in
asphalt binder and asphalt base course leads to a higher
fatigue resistance in comparison to mixtures with natural
Gabbro aggregate.
e The level of resistance to thermal cracking is comparable
for all asphalt mixtures, regardless of whether LD slag or
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Fig. 9 — Resistance to low-temperature cracking of asphalt
binder AC 16 B S and asphalt base course AC 22 T S.
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Fig. 10 — Resistance to thermal cracking of asphalt binder
AC 16 B S and asphalt base course AC22 T S.

natural aggregate Gabbro was used. The level is evaluated
as “adequate” for European weather conditions.

Overall, the experimental results and the analysis con-
ducted in the present investigation indicate that asphalt
mixtures prepared with LD slag are suitable for asphalt
pavement construction and that in most cases they perform
as good as or even better than conventional asphalt mixtures
prepared with natural aggregate.
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