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Abstract. Mineral fines are a waste product of aggregate production in quarries and asphalt mixing plants. The incorporation of mineral
gabbro dust into foam bitumen causes developing of a mesh reinforcement in the recycled base mixture. This mesh reinforcement, ob-
served in a recycled base structure, induces an increase in stiffness modulus, where its elastic part of complex modulus dominates over the
imaginary part. Therefore, it is possible to create a recycled mixture with a lower susceptibility to loading time/temperature. In result, the
presence of gabbro dust in recycled mixture limits the magnitude of strains induced by the traffic load. This paper presents the results of the
tests carried out on the mineral dusts derived from gabbro rock. Structural and functional properties of the fines were determined to prepare
their characteristics. Then, the cold recycled mixtures for the road base were designed with the 5-20% mineral fines content. The mixtures
were prepared in cold recycling technology with foamed bitumen. Further tests involved determining mechanical and physical properties
of the recycled mixes, including air voids content, Marshall stability, Marshall quotient (stiffness), indirect tensile strength and stiffness
modulus at 20°C). The results indicated a positive influence of the gabbro dusts on the investigated parameters. With the use of ANOVA
tests, the significance of the influence of the gabbro dust and foamed bitumen on these properties was evaluated. Harrington’s multicriteria
method was employed to establish gabbro dust and foamed bitumen amounts, the addition of which would guarantee optimal properties of

the recycled base mixture.

Key words: gabbro dust, cold recycling technology, foamed bitumen, road base course.

1. Introduction

The disposal, or utilization of the fines generated in industrial
processes is difficult due to different grain size of the fines and
their different chemical properties. In the past, the disposal of
power plant fly ash produced from coal combustion was a major
challenge for environmentalists and scientists. This problem
has been addressed in numerous studies [ 1-4]. Recently, much
attention has been paid to the utilization of mineral fines gen-
erated during the production of aggregates and the mixing of
asphalt materials.

Dynamic development of road networks in Poland has in-
creased a demand for high quality aggregate to be used in the
production of pavement structural layers. One of the quality
parameters to be taken into account is the reduced content
of mineral dust. Its high content has a negative effect on the
bitumen adhesion to the mineral grains, thus affecting the
quality of the structural layers. According to the requirements
set by [5] and [6], the amount of dust (particles smaller than
0.063 mm) in the aggregate intended for wearing, binder and
base courses should be within the range from 2 to 16%, de-
pending on the aggregate fraction. The maximum allowable
content of mineral dust, characteristic of fine aggregate with
0-2 mm or 4 mm grain size, is 16% (fj4). To ensure the crit-
ical limits of dust content, construction aggregate plants wash
the aggregate, or (rarely) collect dust through dust extraction
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systems, producing large amounts of waste product that is
difficult to utilize.

It has to be noted that the quarries (rock material processing
plants) are not the only producers of waste mineral dust. The re-
quirements relating to assuring proper quality of asphalt mixes
lead to further aggregate dedusting processes performed in the
asphalt production plants. Mineral dust from these plants may
vary by mineralogical origin, as asphalt mixes are manufactured
with different types of aggregate [7, §].

The use of mineral dust in the road construction industry
is limited due to the variety of types of rock materials the dust
is derived from. Only those that originate from limestone rock
with a high content of calcium carbonate (CaCOs3) can be uti-
lized as a replacement filler [9] or coal mining [10]. The appli-
cation of dust derived from other rocks may lead to lowering
the quality of pavement structure, thus reducing its durability.

The EU budget for 2014-2020 provides for considerable
resources to be available for the development of the road in-
frastructure in Poland. Millions of tonnes of aggregate will be
produced, and huge amounts of mineral dust will be generated,
making its utilization a real problem.

A technology that will make use of mineral dusts, turning
this problem into an opportunity, is yet to be developed. One
of the possible solutions is using mineral dust in deep cold
recycling of pavement structural layers with foamed bitumen,
during which the base courses of restored or new pavements are
constructed [11]. The mineral mixture used in this technology is
characterized by a 5 to 20% content of mineral material passing
through the 0.063 mm sieve [12]. This amount is much higher

763



www.czasopisma.pan.pl P N www.journals.pan.pl
=

M. Iwanski, P. Bticzyiiski,'and G. Mazurek

than that applied in the commonly used mineral-cement- emul-
sion mixtures [13, 14]. In addition, a high content of fine frac-
tions, present in the recycled mix with foamed bitumen, has
been found to improve its quality, as the fine particles are bound
by foamed bitumen, creating its internal structure, and ensuring
a high quality of the recycled material [15, 16].

2. Materials

The tests aimed to evaluate the use of mineral dust in the deep
cold recycling with foamed bitumen were carried out on the
fines derived from gabbro rock (G), produced in the process
of dust extraction from aggregates during a drying operation,
performed in an asphalt mix manufacturing facility. Owing to
their good mechanical parameters, aggregates of this type are
very often used to produce asphalt paving mixes for wearing
courses. Gabbro dust is also produced as a result of washing the
aggregate in the quarry. To identify the mineral fines, their basic
structural and functional properties had to be determined [17].

Structural characteristics can be defined as a reflection of
the fines’ internal design, in other words, the distribution of
their components (solid, liquid, and gaseous phases). The fol-
lowing structural characteristics were determined in the tests:
gradation, specific surface (PW), clay content (MBF), and air
void content (AVR).

Functional properties include a group of characteristics
associated with the behavior and interaction of mineral fines
in pastes. Bitumen absorption of mineral fillers (fines) is one
of the basic functional properties. Another property, the pH
number, is determined to identify acidity levels of the fillers.
The results of the tests evaluating the structural characteristics
of the gabbro dust are presented in Fig. 1.

The results of analysis of structural characteristics (Fig. 1)
indicate that gabbro dusts have a large specific surface
(P,, = 4709 cm?/g) according to [18], which will have a sig-
nificant impact on the quality of the recycled mix. The value
of the specific surface was determined from the degree of fine-
ness. The value of MBF [19], i.e. the clay content in the mate-
rial, indicates that the fines derived from the gabbro rock have
low concentrations of clay minerals (MBF = 3.3), thus having
a beneficial effect on the bitumen adhesion to the mineral mix-
ture in the process of the recycled mix production.

The air void content AVR [20] of dry compacted gabbro dust
was ranging approximately from 56.4% to 57.2% (at a signifi-
cant level of 0.05), which ensures that the fines will be properly
coated by the bitumen.

The analysis of the photographs of the gabbro fines, ob-
tained using the spraying method and a scanning microscope,

Fig. 2. Scanning image of gabbro dust gradation
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Fig. 1. Basic structural characteristics of gabbro dust: a) specific surface — Blaine, b) methylene blue index, ¢) air voids in dry compacted dust
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Fig. 3. Functional properties of gabbro dust: a) bitumen number,
b) pH number

facilitates the evaluation of their gradation (Fig. 2). Mineral
fines from gabbros usually range from 0.02—-0.063 mm in size.

Determining the functional properties of mineral gabbro
fines was the next step in the investigations (Fig. 3). Functional
properties have a significant formative impact on the parameters
of the bituminous composite.

Bull. Pol. Ac.: Tech. 64(4) 2016

The bitumen number, described by the gabbro dust viscosity
level at a specified amount of water [21], indicates a medium
level of this parameter (BN = 27.6). The pH number greater
than 7 indicates the alkaline character of the gabbro dust. The
results confirm the fact that the investigated gabbros were de-
rived from the crushed rock and did not contain any detrimental
additions. The functional properties will thus favorably affect
the recycled asphalt mixture by improving the bonding between
the bitumen and the aggregate grains.

The quality of the binder is a critical factor. The require-
ment that has to be satisfied in deep cold recycling with foamed
bitumen is the use of a bitumen with an adequate expansion
coefficient (WE) and a proper half-life (t1/2) of the foam [22].
The bitumen used in this study, denoted as 80N (Fig. 4), was
selected on the basis of the values determined at the Kielce
University of Technology [23].
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Fig. 4. Foamed bitumen characteristics for bitumen 80N [23]

The 80N bitumen had the most beneficial foaming param-
eters (described in detail in [23]), with the expansion ratio of
WE = 15.1 and the half-life of the foam t'2 = 14.4s.

3. Methodology

To evaluate the suitability of the gabbro dust for the purposes
of deep cold recycling with foamed bitumen, four paving min-
eral mixtures were designed to the requirements of [13], based
on the optimal grading curve. All conducted tests were related
to laboratory tests. Their results were the first step designated
for planned field tests where deep cold recycling with foamed
bitumen mixture with mineral dust was applied.

The design assumed the use of a maximum amount of the
existing road material, and the maximum allowable amount of
mineral dust. The mineral mixture of the recycled base course
comprised 50-65% reclaimed asphalt millings from structural
layers, 30% aggregates with grain size up to 31.5 mm from the
existing base course made of mechanically stabilized aggregate,
and 5%, 10%, 15,% and 20% of mineral dust (gabbro) for gra-
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Fig. 5. Grading curves of the mineral mixtures of the recycled base course in relation to the gabbro dust content

dation improvement (Fig. 5). Foamed bitumen 80N was used
as a binder in the amounts of 3.0%, 3.5%, 4.0,% and 4.5%, and
cement was added in the amount of 1.5%. Final composition of
the recycled base is shown in Table 1.

Table 1
Constituents of the recycled base layer with foamed bitumen

Percentage of components (%)

M-AS M-AS M-AS M-AS
(P=5%) (P=10%) (P=15%) (P=20%)

Component

Reclaimed asphalt
pavement

48.5

63.5 58.5 53.5

Aggregate 0/32 30.0 30.0 30.0

Mineral dust (gabbro) 5.0 10.0 20.0

Portland cement

CEM 132.5R =

Foamed asphalt 50/70 3.0+45

The grading curves of the mineral mixture for different con-
tents of the gabbro dust are similar, starting in the regions of
4 mm fractions and up. For smaller fractions, the curves have
varied plots, as a result of different amounts of the gabbro dust
used.

To evaluate the effect of mineral dust on the properties of
the recycled base course mineral mixtures with foamed bi-
tumen, the testing program [13 24] was developed to determine:

e Air voids content, V,, [%], to the requirements of [25],

e Marshall stability, S [kN], to the requirements of [26],
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e Marshall stiffness, Sz [kN/mm], to the requirements of
[26],

e Indirect Tensile Strength, ITS [MPa], to the requirements
of [27],

e Stiffness modulus at 20°C, Eypc [MPa], to the require-
ments of [28].

The testing program was implemented based on the exper-
imental design with two factors, each on four levels. One of
the main aims was to find a mathematical model that would
explain the relationship between the output variable “y” and
input variables “X;” using a general formula. The results of the
analysis [29-31] allowed for assuming that the most adequate
model for this particular case was (1), represented as:

y=bo+Xiibo Xi+Xitjo1bi=j- Xi+ X; +

N , (1)
+ iz byt X{.

The response surface of this model is a second-degree poly-
nomial (2), which can be expressed as the following equation
[32, 33]:

y=bo+b1'X1+b2'X2+b3'X1'X2+

()
+ by X? + b, X3,
where:

X; — gabbro dust (PG) content in the recycled mix-
ture [%],

X, — foamed bitumen (AS) content in the recycled
mixture [%],

by—bs — experimental coefficients.

Bull. Pol. Ac.: Tech. 64(4) 2016



W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

The use of gabbro dust in the cold recyéling 6f asphalt paving mixes with foamed bitumen

Mineral dust

4.5%

4.0%

3.5%

3.0% |——

—eo—o—o—o—]
|

h 4

Foamed bitumen

Fig. 6. Experimental design

A graphical representation of the experimental domain is
presented in Fig. 6.

A utility function was used to determine the optimum
amount of gabbro dust and foamed bitumen in the recycled
mixture.

4. Results

The dependence of the recycled mixture properties V,,, S, Sz,
ITS, Ejpec on the amount of gabbro dust and foamed bitumen
was evaluated using the models developed based on (2). The
basic parameter that characterizes the properties of the recy-
cled asphalt mixture is the air void content. This parameter has
a considerable influence on the mechanical properties of the
mixture, and on its resistance to the action of water. Statistical
analysis software (General regression models module) was used
to determine the parameter describing its relationship with the
amount of gabbro dust and foamed bitumen in the recycled
asphalt mixture (Table 2).

Table 2
Experimental coefficients for V,, of the recycled mixture
(Q — quadratic form of the investigated attribute/variable,
L — linear form of the investigated attribute)

Regr. coefficients Vi [%];
R-sqr = 0.82;
Factor Adj: 0.73 MS residual = 0.2
Regression p-value
coefficent
Mean/Interc. —13.44 0.074
(1) PG [%] (L) 0.21 0.280
PG [%] (Q) 0.0026 0.586
(2) AS [%] (L) 10.26 0.016
AS [%] (Q) -1.30 0.020
1L by 2L -0.04 0.308

Using the regression approach in the analysis, the bolded
values in the table indicate that a given factor is significant

Bull. Pol. Ac.: Tech. 64(4) 2016

Fitted Surface; Variable: Vm [%]
MS Residual=.219467
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Fig. 7. Response surface for the variation in V,, of the recycled mixture

(foamed bitumen) at the significance level of 0.05 for the air
void content in the recycled material. It can be said that there
is a strong influence of the foamed bitumen on void content
parameter, with respect to the void fraction content parameter.

A graphical illustration of the model for the influence of the
gabbro dust and foamed bitumen on the amount of air voids V,
in the recycled mixture is presented in Fig. 7.

Analysis of void space indicates its increase with the in-
crease in the amount of mineral dust in the recycled base course
mixtures. Theoretically, the values of this parameter should
decrease as the increased concentration of the fines provides
greater packing in the blend. Most probably, the bitumen ab-
sorption capacity of mineral dust affects this relationship. The
higher dust content in the recycled mixture causes the aggrega-
tion of air inside the dust structure and increases the amount of
air voids in the base course. The study results for this parameter
correspond to the results of the mineral dust characteristics de-
termined theoretically (Fig. 7). The gabbro dust content turned
out to be insignificant, but it does not mean that it should be
omitted in the regression model.

The evaluation of the significance of the influence of the
variables (gabbro dust, foamed bitumen) on air voids content
included the ANOVA test (Table 3).

Table 3
Evaluation of statistical significance of factors’ influence on V,
of the recycled base course mixture with foamed bitumen (ANOVA)

ANOVA; Variable: Vm [%];
Factor
SS df MS F P
(1) PG [%] (L) 7.887 1 7.888 | 35.937 | <0.05
PG [%] (Q) 0.070 1 0.070 | 0.3176 | 0.585
(2) AS [%] (L) 0.005 1 0.005 | 0.0234 | 0.881
AS [%] (Q) 1.682 1 1.688 | 7.666 0.020
767
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ANOVA; Variable: Vm [%];
Factor
SS df MS F p
1L by 2L 0.253 1 0.253 1.152 0.308
Error 2.195 42 | 0.220
Total SS 12.092 | 47

SS — sum of squares,

MS — mean square within/between groups,
F — test statistic,
p — probability of obtaining a test statistic,
df — degree of freedom

Analysis of the statistical parameters summarized in Table 3
indicates that at the significance level p-value = 0.05, the signif-
icant influence on the content of air voids V,, in the base course
recycled mixture with foamed bitumen is emphasized by effects
of the gabbro dust content (p-value < 0.05) and foamed bitumen
content (p-value = 0.020).

Marshall stability is an important mechanical parameter that
reflects the resistance of a mixture to permanent deformation.
Table 4 presents the values of the coefficients in the model rep-
resenting the influence of the gabbro dust and foamed bitumen
on this property.

Table 4
Experimental coefficients for S of the recycled mixture
Regr. coefficients S [kN];
R-sqr = 0.67; Adj: 0.50;
Factor MS residual = 0.6
Regression coefficent p-value
Mean/Interc. 15.76 0.204
(1) PG [%] (L) 0.049 0.04
PG [%] (Q) 0.0048 0.555
(2) AS [%] (L) -0.63 0.049
AS [%](Q) -0.029 0.972
1L by 2L -0.013 0.843

The response surface for this model is shown in Fig. 8.

Analysis of the results presented in Fig. 9 shows that Mar-
shall stability increases with an increasing amount of gabbro
dust in the mixture. At 15% of the gabbro dust content, the sta-
bility of the mixture has a very high value of more than 15 kN.
The increase in the foamed bitumen content is favorable, though
its impact intensity is less significant than that of the gabbro
fines. It increases both factors and enhances the stability pa-
rameter of the cold recycled mixture. The ANOVA analysis
(Table 5) confirms these relations.

The gabbro dust content has a significant effect on the Mar-
shall stability of the mix, because p-value = 0.00651, i.e. it is
lower than the assumed significance level where p-value <0.05.
It can also be said that the effect of the foamed bitumen con-
tent invoked a significant influence on Stability (S) parameter
(p-value = 0.0178).
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Fig. 8. Response surface for the variation in S of the recycled mixture
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Fig. 9. Response surface for the variation in Sz of the recycled mixture

Table 5
Evaluation of statistical significance of factors’ influence on S
of the recycled base course mixture with foamed bitumen (ANOVA)

Factor ANOVA of variable S [kN]
SS | df| MS F p
(1) PG [%] (L) 7.488 1 7.488 11.717 | 0.007
PG [%] (Q) 0.239 1 0.239 0.3734 | 0.555
(2) AS [%] (L) 5.128 1 5.128 8.0247 | 0.0178
AS [%] (Q) 0.00085 | 1 | 0.000854 | 0.00134 | 0.972
1L by 2L 0.0265 | 1 0.0265 0.0415 | 0.843
Error 6.391 | 42 0.639
Total SS 19.274 | 47

Bull. Pol. Ac.: Tech. 64(4) 2016
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Table 6
Experimental coefficients for Sz of the recycled mixture
Regr. coefficients; Sz [kN/mm];
R-sqr = 0.76;
Factor Adj: 0.63 MS residual = 0.14
Regression coefficient p-value
Mean/Interc. 10.89 0.072
(1) PG [%] (L) 0.071 0.642
PG [%](Q) -0.014 0.00465
(2) AS [%] (L) -3.82 0.210
AS [%](Q) 0.40 0.315
ILby 2L 0.083 0.0194

The Marshall stiffness Sz allows for determining the resis-
tance of the recycled base mix to permanent deformation. This
parameter expresses the deformation of the recycled material in
relation to its stability. The values of experimental coefficients
of the model built using Statistica software are summarized in
Table 6.

The model for the influence of the amounts of gabbro dust
and foamed bitumen revealed a significant influence of some
components in the full model. There is a strong influence of
non-linear component represented by gabbro dust amount and
the interaction between the amounts of gabbro dust and foamed
bitumen.

The response surface of the model for the relationship be-
tween the contents of gabbro dust and foamed bitumen, and the
Marshall quotient/stiffness value is presented in Fig. 9.

Analysis of the results shown in Fig. 9 indicates that the
Marshall stiffness increases when the concentration of the
gabbro dust increases at high foamed bitumen content. This
interaction, however, becomes significant at higher concentra-
tions of these agents (AS > 4.0% and PG > 15%). As men-
tioned before, an interaction is observed between the foamed
bitumen and gabbro dust, in terms of increasing the Marshall
stiffness of the recycled base course mixture, which has been
confirmed in the analysis of significance, performed using the
ANOVA test (Table 7).

Table 7
Evaluation of statistical significance of factors’ influence on Sz
of the recycled base course mixture with foamed bitumen (ANOVA)

ANOVA of variable Sz [kKN/mm]
Factor
SS df MS F P
(1) PG [%] (L) 0.950 1 0.950 6.743 0.027
PG [%] (Q) 1.850 1 1.850 | 13.138 0.005
(2) AS [%] (L) 0.217 1 0.218 1.547 0.242
AS [%] (Q) 0.157 1 0.158 1.119 0.315
1L by 2L 1.088 1 1.088 7.726 0.020
Error 1.408 42 0.141
Total SS 5.671 47

Bull. Pol. Ac.: Tech. 64(4) 2016

Flexural tensile stresses act on the pavement structure, and
thus, it is very important to define this characteristic for the
recycled material with gabbro dust and foamed bitumen in the
base course. Table 8 compiles the parameters of the model for
the effect of gabbro dust and foamed bitumen on the indirect
tensile strength ITS of the investigated material.

Table 8
Experimental coefficients for ITS of the recycled mixture

Regr. coefficients; ITS [kPa];
R-sqr = 0.53; Adj: 0.30;
Factor MS residual = 2222.0
Regression coefficient p-value

Mean/Interc. -1010.93 0.168
(1) PG [%] (L) 7.94 0.677
PG [%] (Q) 0.08 0.863
(2) AS [%] (L) 919.74 0.028
AS [%] (Q) ~111.68 0.039
1L by 2L -2.76 0.481

The response surface of the model for the dependence of
ITS on the amounts of gabbro dust and foamed bitumen is
shown in Fig. 10.

The evaluation of the ITS study results indicates that all the
recycled base course mixtures have reached the recommended
value of 500 kPa [24]. It has to be noted that the increased
amount of foamed bitumen leads to a rapid increase in the ITS
value. The intensity of this process is higher than that with the
increased gabbro dust content. Higher amounts of gabbro dust
used increase the stiffness modulus of the recycled mixture,
and have a detrimental effect on its indirect tensile strength.

Fitted Surface; Variable: ITS [kPa]
MS Residual=2221.986
DV: ITS [kPa]

Z

I > 850
Bl < 850
Il <800
[1<750
[ <700
B < 650
Bl <600

Fig. 10. Response surface for the variation in ITS of the recycled
mixture

769



www.czasopisma.pan.pl P N www.journals.pan.pl
=

M. Iwanski, P. Bticzyiiski,'and G. Mazurek

The highest average value of ITS parameter, approximately
850-900 kPa, has been reached at 5% gabbro dust content and
with 4.0% foamed bitumen content.

The in-depth statistical analysis of the influence of the
investigated factors (amounts of gabbro dust and foamed bi-
tumen) on the ITS value of the recycled mixture was carried
out using the significance test in ANOVA (Table 9).

Table 9
Evaluation of statistical significance of factors’ influence on ITS
of the recycled base course mixture with foamed bitumen (ANOVA)

ANOVA of variable ITS [kPa]
Factor
SS df MS F p
(1) PG [%] (L) 50.41 1 50.41 0.023 | 0.883
PG [%] (Q) 69.63 1 69.63 0.031 | 0.863
(2)AS [%] (L) | 1135946 | 1 11359.46 | 5.112 | 0.047
AS [%] (Q) 1247195 | 1 12471.95 | 5.613 | 0.039
1L by 2L 1189.91 1 1189.91 0.536 | 0.481
Error 22219.86 | 42 | 2221.99
Total SS 47361.23 | 47

The analysis of the statistical parameters confirms the pos-
itive influence of the foamed bitumen on the indirect tensile
strength ITS of the recycled base mix.

Considering that the stiffness modulus at 20°C (E,gec) (28),
determined at 28 days, is the basic asphalt mix characteristic
taken into account in the mechanistic design of the pavement
structure thickness, the effect of the gabbro dust on this param-
eter is critical. The values of experimental coefficients deter-
mined in the study, as well as the statistical evaluation results,
are presented in Table 10.

Fitted Surface; Variable: Exg geg ¢
MS Residual=55187.92

q
Il > 5500
Il < 5500
I < 5000
[ <4500
I < 4000
Il < 3500

Fig. 11. Response surface for the variation in E,gc of the recycled
mixture

of the gabbro dusts, reaching the value of Eypc > 5500 MPa.
This happened when the dust content in the mixture was within
the range from 15 to 20%. An increase in the foamed bitumen
content permanently reduces stiffness modulus E,jc of the mix-
ture. The presence of foamed bitumen brings a plastic behavior.
The statistical analysis of the effect of gabbro dust and
foamed bitumen amounts on E,.c of the recycled mixture was
carried out using the significance test in ANOVA (Table 11).

Table 11
Evaluation of statistical significance of factors’ influence on Eypec
of the recycled mixture with foamed bitumen (ANOVA)

Table 10
Experimental coefficients for Eypc of the recycled mixture
Regr. coefficients; Eypoc (Eag geg.c) [MPa];
Factor R-sqr = 0.81; Adj: 0.71 MS residual = 55187.9
Regression coefficient p-value
Mean/Interc. —5335.96 0.146
(1) PG [%] (L) —148.94 0.138
PG [%] (Q) 2.31 0.348
(2) AS [%] (L) 5606.43 0.010
AS [%] (Q) —775.21 0.008
1L by 2L 36.85 0.0783

Factor ANOVA of variable Expec (Expdegc)
SS df MS F p
PG [%] (L) | 1110344 1 1110344 | 20.12 | 0.001
PG [%] (Q) 53573 1 53573 0.98 0.348
AS [%] (L) 320150 1 320150 5.80 0.037
AS [%] (Q) 600948 1 600948 10.89 | 0.008
1L by 2L 212221 1 212221 3.85 0.078
Error 551879 42 55188
Total SS 2849116 | 47

The model of the response surface of the recycled mixture
in terms of the amounts of gabbro dust and foamed bitumen is
presented in Fig. 11.

The analysis of the study results for the stiffness modulus
E,gec of the recycled mixture indicates that the influence of the
foamed bitumen on the stiffness modulus value is significant.
The stiffness modulus increases with the high concentration
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The analysis of significant factors using ANOVA, (gabbro
dusts, foamed bitumen) confirms a fairly significant effect of
gabbro dust on the stiffness modulus E,gec. The p-value = 0.001
is less than the required p-value of 0.05. Foamed bitumen has
a significant effect on this parameter as well. A lack of an in-
teraction between the gabbro dust and foamed bitumen in terms
of the stiffness modulus has also been confirmed.
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To determine the gabbro dust and foamed bitumen amounts
that will provide the optimal properties of the recycled base
mixture, Harrington’s utility function [34] was used, expressed

by (3):

()
y — me
o —yeo ||? (3)

m
U™ = exp|—expd w;:
=

where:

@ — properties of the recycled mixture with dusts,

¥,o — worst value of the i-th property being investigated,

Vo — best value of the i-th property being investigated,

w, — weights assigned to individual properties y,

m

0<w; <1, I=1,2,...,m, dw=1.

Utility U™ gives a value within the range (0; 1). The num-
bers close to 0 correspond to particularly disadvantageous
values of y'”), whereas those close to 1 correspond to the most
advantageous values. The set of y”) values which are considered
satisfactory is converted into a range from 0.368 to 0.692 [35].

The optimization process was divided into two steps. The
first step was focused on reaching a high stiffness modulus of
the recycled mixture. Parameters such as stiffness modulus Ejgec
and Marshall stability were set with a double weight in relation
to the remaining parameters. The most important stage of the
optimization process is to establish a criteria for all parameters.
The required ranges, assigned to the criteria of the variables,
were constructed based on the information included in [36, 37].
The criteria are summarized in Table 12.

Table 12
Criteria used in the optimization for the first step
Value level Eopec Vm ITS S Sz
[MPa] | [%] | [MPa] | [kN] | [kN/mm]
better 2500 12 1600 20 5
worse 500 5 700 8 2
weight 0.29 0.14 0.14 0.29 0.14

Then, Statistica software was used to calculate the com-
ponents of the Harrington function for each criterion of the
recycled base course mixture (Fig. 12).

The “good” optimization results, according to Harrington’s
desirability function, represent values U greater than 0.63.
Based on the analysis results, the gabbro dust quantities from
15% to 20% and foamed bitumen quantities of approximately
3.5% (determined value 3.375%), were found to provide the
optimum values of the recycled mixture parameters. Such mix-
tures will reveal a high stiffness modulus at an acceptable level
of void contents (V,,) and indirect strength ratio (ITS).

The second step was focused on highlighting the best results
for ITS and V,, parameters. For this case, the criteria are as
follows (Table 13), and the distribution of results is presented
in Fig. 13.
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3D Contour Plot of Ulll against PG [%] and AS [%]
for the first step

B >062
I <0.62
[ ]<06

[1<0.58
I <0.56

AS [%]

PG [%]

Fig. 12. Contour plot of desirability function (U™) for two factors of
the recycled base course mixture for the first step

Table 13
Criteria used in the optimization for the second step
Value level Espec Vm ITS S Sz
[MPa] | [%] | [MPa] | [kN] | [kN/mm]
better 2500 12 1600 20 5
worse 500 5 700 8 2
weight 0.14 029 | 0.29 0.14 0.14

3D Contour Plot of Ulll against PG [%] and AS [%)]
for the second step
4.5

4.0

S
5 35

<

3.0 > 056

[ J<o56

<054

05 <052

5 10 15 20 Il<o05
PG [%] - 048

Fig. 13. Contour plot of the desirability function (U™) for two factors
of the recycled base course mixture for the second step
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Statistica software was used to calculate the components of
the Harrington function for each criterion of the recycled base
course mixture (Fig. 13).

For this optimization variant, similarly to previous results,
the optimal content of foamed bitumen was determined to be in
range between 3.5 to 4.0%, and for gabbro dust content to be
greater than 15%. It should be noted that for these two optimi-
zation steps for achieving the optimal ranges of results, over-
lapped in the majority. Finally, the optimal amount of foamed
bitumen is approximately 3.5%. For such a bitumen content it
is possible to apply more that 15% of the gabbro dust. Consid-
ered the optimal combination of compounds, it guarantees an
increase in whole stiffness of the recycled mixture, as well as
an increase in its cohesion. Both factors, at optimal content,
can beneficially decrease the plastic strains in subgrade, as it
was mentioned in [38].

5. Conclusion

The following conclusions can be reached based on the labora-
tory tests results for determining the relationship between the
durability of the recycled asphalt base course mixtures and the
amounts of gabbro dust and foamed bitumen added to the blends:

1. For the mineral dusts to be used in cold recycling of
pavements with foamed bitumen, it is necessary to iden-
tify their structural and functional properties, including
the pH number, clay fraction content, and bitumen ab-
sorption.

2. The application of gabbro fines differently improves the
mechanical characteristics of the recycled base mixture,
that is, Marshall stability, Marshall stiffness and indirect
tensile strength ITS, highly enhancing the resistance of
the pavement structure to permanent deformation.

3. Gabbro dusts provide a higher stiffness modulus (ANO-
VA analysis) of the recycled base mixture at 20°C, con-
tributing to the reduction in the pavement structural
thickness (mechanistic method), retaining its durability.

4. The use of gabbro dust in the cold recycling technolo-
gy with foamed bitumen will provide the opportunity to
utilize considerable quantities of the fines, contributing
greatly to proper mineral resources management and en-
vironmental protection.

5. The best result, in terms of a high recycled mixture’s
whole stiffness, was attained at approximately 3.5%
foamed bitumen and a gabbro dust content ranging from
15 to 20%.

The results obtained from the study indicate a potential for

a wide array of applications of mineral fines, in particular those
alkaline in character, derived from the dry dust extraction op-
erations conducted at the quarry sites and the asphalt mixing
plants, to cold recycling of asphalt mixes with foamed bitumen.
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