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Analysis of the influence of the SMA milling process
on the possibility of incorporating RAP into SMA mixtures

Abstract: The dominant technology currently used for constructing wearing courses is the SMA (Stone Mastic
Asphalt) mixture technology, which has a high recycling potential. The main factors limiting the amount of re-
claimed asphalt pavement (RAP) that can be used in SMA mixtures are the origin of the RAP, its gradation, and
the properties of the binder it contains. Owing to the unique structure of the mineral skeleton in SMA mixtures,
combined with the requirements for the aggregates and binders used, only RAP derived from SMA layers can be
incorporated into their composition. Moreover, the significant influence of vehicle traffic and climatic condi-
tions on SMA layers necessitates the use of RAP containing asphalt binders of relatively high quality. The article
assessed both existing SMA wearing courses and RAP obtained from SMA layers in terms of their potential re-
use in SMA mixtures during hot recycling processes. The analyses were based on data provided by the General
Directorate for National Roads and Motorways as well as by construction companies. The composition and gra-
dation of original SMA mixtures, as well as the gradation of selected RAP obtained from them, were analyzed.
Based on these analyses, an attempt was made to identify correlations and indicators describing gradation
changes resulting from pavement milling. Using the obtained RAP gradation data and gradation data derived
from the identified correlations, a theoretical process of designing SMA mixtures with different BR (Binder
Replacement) index was carried out in order to determine the maximum feasible levels of unprocessed RAP
incorporation. The conducted analyses showed that by predicting the gradation of the mineral mixture in RAP,
it is possible - based on data from the original SMA asphalt mixture or from core samples - to estimate the
achievable level of RAP incorporation that can be obtained from a given layer.

Keywords: BR index, RAP gradation, reclaimed asphalt, recycling, SMA mixture.

) Warsaw University of Technology, Faculty of Civil Engineering, 16 Armii Ludowej Av.,
2 Warsaw University of Technology, Faculty of Civil Engineering, 16 Armii Ludowej Av.,
¥ Warsaw University of Technology, Faculty of Civil Engineering, 16 Armii Ludowej Av.
“ Warsaw University of Technology, Faculty of Civil Engineering, 16 Armii Ludowej Av.,
® Warsaw University of Technology, Faculty of Civil Engineering, 16 Armii Ludowej Av.,
® Warsaw University of Technology, Faculty of Civil Engineering, 16 Armii Ludowej Av.
7 Warsaw University of Technology, Faculty of Civil Engineering, 16 Armii Ludowej Av.,

00-637 Warsaw
00-637 Warsaw

,00-637Warsaw

00-637 Warsaw
00-637 Warsaw

,00-637Warsaw

00-637 Warsaw

, Poland; adam.liphardt@pw.edu.pl (>4)
, Poland; piotr.radziszewski@pw.edu.pl
, Poland; michal.sarnowski@pw.edu.pl
, Poland; laura.janusz@pw.edu.pl

, Poland; jan.krol@pw.edu.pl

, Poland; piotr.pokorski@pw.edu.pl

, Poland; karol.kowalski@pw.edu.pl

Articleis distributed under the terms of the Creative Commons

Attribution 4.0 International License (CC-BY 4.0)



24 Adam Liphardt, Piotr Radziszewski, Michat Sarnowski, Laura Janusz, Jan Krél, Piotr Pokorski, Karol Kowalski

1. INTRODUCTION

An inseparable element of asphalt pavement recycling is
cold milling. It is the most commonly used method for
dismantling asphalt layers and obtaining reclaimed as-
phalt pavement (RAP) [1-3]. During the milling stage,
the properties of RAP are related to the size of its chunks
and the gradation of the aggregate it contains. Previous
experience indicates that the milling process causes par-
tial fragmentation of the mineral material contained in the
original asphalt mixture [4-6]. The increase in fine frac-
tions resulting from milling is one of the main limitations
preventing the incorporation of higher amounts of RAP
into new asphalt mixtures [7]. The changes in aggregate
gradation occurring in the mineral skeleton of SMA dur-
ing milling result in the need to limit the RAP content in
new mixtures due to the excess of certain mineral frac-
tions. SMA mixtures, because of their specific discontin-
uous gradation, require carefully selected proportions of
aggregates within relatively narrow permissible ranges.

Planning works related to asphalt pavement recycling, in-
cluding wearing courses made of SMA mixtures, requires
identifying the properties of existing pavement layers to
be milled in order to determine the potential for using
the reclaimed material in new asphalt layers [7-9]. This
identification may be based on archival data on mixture
compositions obtained from the road authority, core sam-
ple testing, and analyses of reclaimed RAP composition.
In practice, conducting RAP tests at the planning stage is
generally not possible, as it requires trial milling before
the main works commence, followed by temporary res-
toration or securing of road sections where samples were
collected. For this reason, analytical tools enabling road
authorities and contractors to forecast RAP properties be-
fore it is obtained (through milling), based on the data of
the original mixture built into the pavement, seem par-
ticularly valuable.

The analysis of previous works and experiences shows
that research on the influence of milling processes and the
properties of original asphalt mixtures on the properties
of the obtained RAP is relatively poor. Currently, the most
commonly used concepts in RAP gradation assessment
are white and black gradation curves. The white curve is
a graphical representation of aggregate sieving after ex-
traction from RAP, while the black curve represents the
sieving of RAP chunks. The white curve is directly ap-
plied in the design of new asphalt mixtures containing

RAP, particularly in hot mix technology. The black curve
is used to assess the degree of RAP fragmentation and
finds application in cold mix technologies [10-11].

Most research analyzing the effect of milling on RAP
properties concerns the influence of specific milling
parameters on the gradation characteristics of the ob-
tained RAP. In [1], it was found, among other things, that
maintaining a constant milling machine speed and drum
rotation during milling contributes to more homogene-
ous RAP. Excessive milling speed leads to heterogeneous
RAP and tearing out of larger chunks of the milled lay-
er. Increasing drum rotation speed and reducing the ma-
chine’s working speed results in finer RAP [12]. In [13],
experimental studies were presented on four pavement
milling sections where milling parameters such as ma-
chine speed, milling depth and drum rotation speed were
varied. The analysis showed that at greater milling depths,
an increase in machine speed leads to larger RAP chunks.
It was also shown that milling under such conditions gen-
erates more fine particles, that the high temperature of the
cuttings does not cause binder aging, and that the angu-
larity of aggregate grains is not affected by the milling
parameters. Similarly, in [14], it was shown that milling
speed significantly influences RAP quality. Tests carried
out at different milling speeds — 9 m/min, 12 m/min, and
15 m/min — revealed that lower speeds reduce RAP parti-
cle agglomeration but simultaneously generate more fine
aggregate particles and dust.

According to [4-5], [12], milling significantly increases
the content of fine fractions. This results from aggregate
fragmentation and depends on milling parameters (speed,
depth, etc.), mixture stiffness, and aggregate type. The
analysis of milling conditions presented in [1] and [15]
indicated that milling depth is the primary parameter
affecting cutting force, while cutting speed is the most
critical factor influencing the cross-sectional area of the
cut. A detailed analysis of gradation changes in asphalt
mixtures during milling and RAP fragmentation process-
es was conducted in [13] and [16]. The authors proposed
three indicators for evaluating the impact of crushing and
sieving of RAP: the Chunk Index, the Breakdown Index,
and the Filler Increase Index. The proposed Breakdown
Index shows the extent to which aggregate is crushed dur-
ing RAP processing. The Filler Increase Index indicates
how much filler is additionally generated during RAP pro-
cessing. The authors of [17] addressed the issue of RAP
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agglomeration, i.e., the occurrence of clusters of fine RAP
particles forming larger chunks, and their impact on RAP
mixture properties. To assess the degree of agglomer-
ation, indicators based on aggregate and RAP sieving
curves were proposed. These remain the only works in
which detailed analyses were made of the relationships
between the gradation of the original mixture and the
RAP or asphalt granulate produced from it, with indica-
tors proposed to evaluate and compare gradation changes.
Simplified analyses of mineral mixture gradation changes
due to milling have also been conducted in the context of
selected road contracts in Poland [6].

In this study, an attempt was made to determine the rela-
tionship between the gradation of the original SMA mix-
ture and the gradation of the RAP obtained from it during
milling, as well as to define an index characterizing the
extent of gradation changes resulting from milling. The
analyses were based on a database of asphalt mixture prop-
erties obtained from the General Directorate for National
Roads and Motorways, as well as a RAP database from
contractors. The identified relationships were then used to
carry out a theoretical design trial of a new asphalt mixture
composition based on the predicted RAP composition.

2. PURPOSE AND SCOPE
OF THE ANALYSIS

The primary objective of the analyses was to determine
the relationship between the aggregate gradation of the

original SMA mixtures intended for milling and the gra-
dation of the reclaimed asphalt pavement (RAP) obtained
in the milling process. Furthermore, the study enabled
the identification of indices characterizing the changes in
the aggregate gradation of the original mixtures resulting
from milling. The final stage of the analyses involved de-
termining the maximum feasible RAP content that could
be incorporated into SMA mixtures while ensuring com-
pliance with grain size requirements.

3. DATA FOR ANALYSIS

The analyses were conducted using data obtained from
the General Directorate for National Roads and Motor-
ways (GDDKiA) as well as from contractors responsi-
ble for pavement works on the national road network.
Within the framework of the research project, GDDKiA
provided data on a total of 237 SMA 11 asphalt mixtures
corresponding to traffic categories KR 3-4 and KR 5-7,
implemented on the national road network between 2010
and 2023. The dataset included information on aggregate
gradation, asphalt type and content, asphalt properties
(softening point, penetration, elastic recovery), as well as
normative and functional properties of the asphalt mix-
tures. A summary of the average aggregate gradations of
mixtures in categories KR 3-4 and KR 5-7, designed in ac-
cordance with the WT-2 guidelines (2008 [18], 2010 [19],
and 2014 [20]), is presented in Table 1.

Table 1. Summary of average particle size distributions of mineral mixtures from 2010-2023

Traffic load category KR 3-4 KR 5-7
Technical guidelines / WT-2 2008 [18] | WT-2 2010 [19] | WT-2 2014 [20] | WT-2 2008 [18] | WT-2 2010 [19] | WT-2 2014 [20]
Years of production 2010-2012 2010-2016 2014-2023 2010-2012 2010-2016 2014-2023
Number of analysed mixtures 3 15 22 22 67 108
16 100.0 100.0 100.0 100.0 100.0 100.0
11.2 94.1 95.7 96.4 95.5 95.9 96.2
8 55.4 56.2 56.6 54.4 57.3 56.8
) 5.6 38.1 38.7 39.9 37.3 39.9 40.3
) 30.6 32.1 32.7 29.6 324 32.8
.§ 239 242 249 21.9 24.5 25.1
% 213 19.0 19.4 17.8 19.4 19.5
n 0.5 19.9 15.9 16.0 153 16.9 16.2
0.25 18.6 13.5 13.6 13.5 14.8 13.9
0.125 12.3 11.9 12.0 12.0 12.0 12.0
0.063 9.8 9.7 10.0 9.7 10.1 10.0
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The second dataset included RAP data. RAP data were
obtained primarily from leading contractors executing
pavement works on the national road network. These
datasets included information on aggregate gradation,
asphalt content, and selected asphalt binder parameters
(softening point and penetration). Data were collected for
RAP obtained from milling SMA 11 wearing courses on
eight different sections of national roads. The properties
of each RAP material were determined as the average of
at least three samples taken from each road section. The
gradation curves of the recovered aggregates (RAP min-
eral mixtures) are shown in Fig. 1, which also presents the
boundary gradation limits for SMA 11 KR 5-7 mixtures
specified in the WT-2 2014 [20] guidelines.

A comparative analysis of the RAP gradation curves and
the limits revealed that the curves of all examined RAP
samples were positioned above or close to the upper
limit values required in the design of asphalt mixtures.
This finding indicates partial fragmentation of the min-
eral material during the milling process. The most pro-
nounced deviations from the limit values were observed
in RAP samples GA-1 and GA-7, particularly for sieve
sizes of 5.6 mm and 8 mm. The remaining RAP samples
displayed comparable gradation characteristics, with dif-
ferences between individual samples not exceeding 10%.
The relatively small size of the RAP dataset, compared to
the number of original asphalt mixture datasets, reflects
the still limited application of selective milling of wearing
courses under current conditions in Poland.

100

4. ANALYSIS OF CHANGES
IN GRADATION OF SMA MIXTURES
DUE TO MILLING PROCESS

4.1. ASSESSMENT OF AGGREGATE
GRADATION CHANGES IN RAP

In the first stage, an analysis was conducted of the aggre-
gate gradation of three asphalt mixtures and the reclaimed
asphalt pavements (RAP) obtained from them. From the
set of eight RAP samples available for analysis, three
were selected for which complete data on the gradation
of the original SMA mixtures were available. Based on
these results, the Breakdown Index B/ and the Filler In-
crease Index FII, as defined in [16], were determined. In
the second stage, an alternative method was proposed for
defining an index that characterizes changes in the ag-
gregate gradation of asphalt mixtures resulting from the
milling process. These mixtures represented the source
materials from which the respective RAP samples had
been obtained.

4.2. GRAIN SIZE ANALYSIS
OF THE ORIGINAL SMA MIXTURES
AND THE RECLAIMED ASPHALT MIXTURE

A comparison of the gradation curves of the original SMA
mixtures and the corresponding RAP samples is presented
in Fig. 2. This Fig. 2 also includes the gradation limits
defined in the WT-2 specification [18-20].
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Fig. 1. Comparison of grain size distribution curves of mineral mixtures from RAP used in the analyses
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Fig. 2. Comparison of selected gradation curves for SMA mineral mixtures and RAP derived from them

An examination of the gradation curves for both RAP and
original mixtures indicates that the largest discrepancies
are observed between mixture SMA-7 and RAP sample
GA-7. The remaining two mixtures and their correspond-
ing RAP samples exhibit similar differences in gradation.
For each of the three RAP samples, two indices were cal-
culated: the Breakdown Index B/ and the Filler Increase
Index FII[16].

The Breakdown Index B/ was calculated according to the
following formula:

BlI=A,, —Ag, (1)
where:

A~ the area under the white gradation curve of the re-
covered aggregate mixture (gradation of the miner-
al skeleton after milling),

Ay~ the area under the white gradation curve of the orig-
inal aggregate mixture (prior to milling).

To calculate the areas required for the B/ determination,
the sieve dimensions were raised to the power of 0.45.

The Filler Increase Index FII was determined using the
formula:

FIl=PW,,, ~SW,, . @
where:

PW . —the proportion of filler particles passing the
0.063 mm sieve, obtained through extraction of
the RAP after milling,

SW . —the proportion of filler particles passing the
0.063 mm sieve in the original aggregate mixture
(prior to milling).

A graphical representation of the calculated Breakdown
Index values, shown as the surface area between the gra-
dation curves of the original and RAP-derived mineral
mixtures, is provided in Fig. 3. The calculated values of
both the Breakdown Index B/ and the Filler Increase In-
dex FII are summarized in Table 2.

Table 2. Summary of Breakdown Index B/ values and Filler
Increase Index FIl values

RAP/SMA Breakdown Filler Increase
mixture description Index BI Index FII
GA-1/ SMA-1 21.2 0.6
GA-5/SMA-5 22.0 2.7
GA-7/ SMA-7 28.2 2.3

Among the three analyzed asphalt mixtures and their cor-
responding RAP samples, the highest Breakdown Index B/
was observed for mixture GA-7. It should be noted that
the original SMA-7 mixture contained the lowest pro-
portion of the 0/2 mm fraction among the three mixtures
studied. This finding suggests that mixtures with a high-
er content of coarse aggregates (>2 mm) may be more
susceptible to fragmentation during milling than mixtures
with a higher share of the 0/2 mm fraction. In contrast,
mixtures GA-1 and GA-5 exhibited similar Breakdown
Index values and substantial differences in their Filler In-
crease Index FII values.
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Fig. 3. Graphical presentation of the calculated Breadown Index B/ values:
a) GA-1 and SMA-1; b) GA-5 and SMA-5, c) GA-7 and SMA-7

4.3. DETERMINATION

OF THE CORRELATION BETWEEN
THE GRAIN SIZE OF ORIGINAL

AND RECLAIMED ASPHALT MIXTURES

Based on a comparison of gradation data from the original
asphalt mixture and the mineral mixture recovered from
RAP, a new index was proposed to characterize gradation
changes resulting from milling or other RAP processing
methods, such as granulation or crushing. By plotting the
gradation curves of the original mixture and the recovered
mixture on the same graph, it is possible to assess the dif-
ferences in gradation between the two mixtures relative to
a gradation equality line representing no gradation change
(i.e., where the sieve passing values of the original mix-
ture are equal to those of the recovered mixture). Figs. 4-6
present the relationships between the gradation values of
original and recovered mixtures for three SMA mixtures
and their corresponding RAP samples.
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Fig. 4. Correlation between the gradation of the original
SMA-1 mixture and the aggregate recovered from GA-1 RAP
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Fig. 5. Correlation between the gradation of the original
SMA-5 mixture and the aggregate recovered from GA-5 RAP

From the relationships illustrated in Figs. 4-6, a Gradation
Change Index GCI was defined. This index is calculated
as the difference between the area under the curve rep-
resenting the relationship between the gradation of the
original and recovered mixtures, and the area under the
reference line (the straight line corresponding to no gra-
dation change).

The Gradation Change Index GC(I is calculated based on
the formula:

GCI=A.,— Ay 3)
where:
Ay,— area below the reference line representing no gra-
dation change between the original mixture and the
RAP,
A.,— area below the curve representing the relationship

between the gradation of the original mixture and
the RAP.

The proposed index does not require sieve dimensions to
be raised to a power, and the calculated area is expressed
in consistent units. Furthermore, by analyzing the course
of the gradation curve relative to the reference line, the
extent of gradation changes can be easily evaluated and
compared across different pairs of RAP and original
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Fig. 6. Correlation between the gradation of the original
SMA-7 mixture and the aggregate recovered from GA-7 RAP

asphalt mixtures. The reference line thus provides a con-
stant benchmark, in contrast to gradation curves, which
vary in position for each pair analyzed in Section 4.2.

In the next stage, gradation data from 195 SMA 11 mix-
tures corresponding to traffic category KR 5-7 (KR 5-6),
obtained from GDDKIA, as well as data from eight selec-
tively milled SMA 11 KR 5-7 RAP samples, were used
to establish an average predictive relationship between
RAP gradation and the gradation of the original mixtures
(Fig. 7). The identified relationships were described using
fourth-degree polynomial functions.

An analysis of the derived relationships for SMA asphalt
mixtures designed in accordance with guidelines from
different periods indicates that the largest differences in
gradation between RAP aggregate and SMA aggregate are
observed for mixtures produced in 2008-2012 (accord-
ing to WT-2 2008 [18]). The relationships for mixtures
from later periods (2010-2016 and 2014-present) do not
differ substantially and remain close to the overall aver-
age relationship determined from the entire SMA dataset.
Moreover, for fractions within the range of 0-5.6 mm, the
relationship based on the complete SMA dataset exhibits
a course similar to that obtained from the analysis of three
SMA-RAP pairs (SMA-1, -5, -7 and GA-1, -5, -7), for
which complete gradation data were available.
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Fig. 7. Functional relationships of the gradation of aggregate recovered from RAP on the gradation of the original SMA mixture

It should be noted that the derived relationships may be
subject to error, as they are based on a relatively small
dataset of RAP samples compared with a considerably
larger dataset of asphalt mixtures. Therefore, in future re-
search on gradation changes resulting from milling, it is
necessary to expand the RAP database and revalidate the
proposed relationships. The most pronounced discrepan-
cies between the relationships based on the full SMA da-
taset and those validated with the three SMA-RAP pairs
occur for the 8 mm sieve. At the same time, it should be
emphasized that in the design process of asphalt mixtures
incorporating RAP, the critical factor is the fine fraction
content (<2 mm), as it determines the maximum feasible
RAP content in the designed mixture. Consequently, the
divergence observed at this stage of the analysis should
not have significant practical implications with respect to

the application of the proposed relationships as a predic-
tive tool for assessing the potential RAP utilization range
in SMA mixtures.

Among the polynomial relationships of the fourth degree
derived in this study, two equations were selected for
further analysis: the first (4), established from the three
SMA-RAP pairs with complete gradation data (SMA-1,
-5, -7 and GA-1, -5, -7), and the second (5), derived from
the entire dataset of SMA mixtures and RAP samples ana-
lyzed within the project:

GR =0.0000028 - GM* — 0.0005508 - GM* + 4
+0.0274095 - GM*+ 1.0105379 - GM, “)

GR =0.0000027 - GM* — 0.0005556 - GM* + 5)
+0.0288355 - GM*+ 1.0211385 - GM,



Roads and Bridges - Drogi i Mosty 25 (2026) 23 - 35 31

where:

GR - sieve passing of the RAP aggregate obtained from
SMA [%],
GM — sieve passing of the original SMA mixture [%].

The relationships derived through the analysis enable pre-
diction of the gradation characteristics of reclaimed as-
phalt pavement (RAP) based on the gradation data of the
original SMA mixture from which the RAP is obtained
by milling. The ability to forecast the gradation of RAP
prior to pavement works (milling) makes it possible to es-
timate the potential applicability of the reclaimed material
in new asphalt mixtures.

Table 3. Composition of the SMA 11 KR 5-7 mixture
used in the analyses

Using (4) and (5), the predicted gradation curve of RAP
was determined for a reference SMA 11 mixture with ver-
ified composition (Table 3) and properties (Table 4). The
results of this prediction are presented in Fig. 8.

A comparison of sieve passing values and gradation
curves predicted using (4) and (5) revealed that (4) con-
sistently forecasts slightly lower passing values — ranging
from approximately 0.3% for fine fractions to around 4%
for coarse fractions. Nevertheless, the overall form and
trajectory of both predicted gradation curves are highly
similar, and their course closely resembles the actual gra-
dation curves of RAP aggregates presented in Fig. 1.

Table 4. Properties of the SMA 11 KR 5-7 mixture
used in the analyses

SMA mixture Content in Content in asphalt Properties of SMA mixture Result
1 1 0, 1 )
component mineral mix [%] mixture [%] Density [Mg/m’] 2662
Filler 10.0 9.4 -
- Bulk Density [Mg/m?] 2.550
Fine aggregate 0/2 14.0 13.2
.. o
Fine aggregate 2/5 11.0 10.4 Air void content [%] 27
Coarse aggregate 4/8 18.0 17.0 Rutting resistance W7 [mm/1000] 0.06
Coarse aggregate 8/11 47.0 443 Rutting resistance PRD [%] 5.8
Bitumen - 5.9 Water resistance [%] 99.1
100 100.0
®  Passing limits for SMA 11 acc. to WT-2 2014 96.0
90 | == Passing of SMA mineral mixture
Passing of SMA mineral mixture acc. to eq. 4 (SMA/GA 1, 5,7)
— 80 1 Passing of SMA mineral mixture acc. to eq. 5 (full range of data) 78.4 750
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Fig. 8. Example of determining the change in gradation of the SMA mineral mixture as a result of milling
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5. EVALUATION OF THE POSSIBILITY
OF COMPOSING THE GRADATION
OF SMA MIXTURE WITH RECLAIMED
ASPHALT

The final stage of the analysis involved determining the-
oretical aggregate compositions of SMA 11 KR 5-7 mix-
tures based on the predicted RAP gradation data obtained
from (4) and (5), and, for comparative purposes, from
three real RAP samples (GA-1, GA-5, and GA-7) selec-
tively milled from SMA layers.

The reference level for this analysis was the SMA 11
KR 5-7 mixture with a binder replacement index BR of 0%,
presented in Section 4.3. Theoretical mixtures containing
RAP were designed with BR levels ranging from 10%,
increasing in increments of 10%, such that the ordinates
of the designed gradation curves deviated as little as pos-
sible from those of the reference curve, while remain-
ing within the limit points defined in WT-2 2014 [20].
The maximum deviation between the ordinates of the
designed gradation curves and the reference curve was
set at 2%. Based on previous research findings [7] and
[21-22], it was assumed that designing a gradation curve
for a RAP-containing mixture closely matching that of
a reference mixture satisfying the air void content require-
ments would, in most cases, also allow the RAP mixture

to meet these requirements. The remaining performance
characteristics of the RAP mixture would mostly depend
on the proportions and properties of the virgin binder and
the binder recovered from RAP. Consequently, theoretical
gradation design of RAP mixtures aligned with reference
mixtures may serve as a useful preliminary tool for deter-
mining RAP incorporation levels in new asphalt mixtures.

Fig. 9 presents the gradation curves of theoretical SMA 11
KR 5-7 mixtures incorporating RAP with gradation es-
timated using (4), while Fig. 10 shows corresponding
curves for RAP gradation predicted by (5). In both fig-
ures, the higher BR levels at which the maximum devi-
ation criterion (<2%) from the reference curve was no
longer met are also indicated.

An analysis of the binder replacement BR levels achieved
for the theoretical SMA 11 mixtures indicates that, when
RAP gradation was predicted using (5), the maximum BR
was 10% lower than that obtained for RAP gradation pre-
dicted using (4). The maximum BR values achieved by
the designed SMA mixtures were relatively high, reach-
ing 60% and 70%, respectively.

For comparative purposes, analogous analyses were per-
formed using the actual RAP samples GA-1, GA-5, and
GA-7, with reference to the same SMA 11 KR 5-7 mix-
ture. A summary of the maximum BR levels achieved in
the designed mixtures is presented in Fig. 11.
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Fig. 9. Theoretical designed grain size distribution curve of the SMA 11 mixture with RAP
with grain size determined determined by (4)
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Fig. 10. Theoretical designed grain size distribution curve of the SMA 11 mixture with RAP with
grain size determined determined by (5)
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Fig. 11. Summary of maximum binder replacement index
achieved in SMA 11 mixtures incorporating actual RAP

The analysis of the maximum BR levels in SMA 11 mix-
tures designed on the basis of real RAP data demonstrated
that, for each RAP considered, it was possible to achieve
a BR of at least 50%. For two of the RAPs (GA-5 and
GA-7), BR values of 60% were obtained. Furthermore,
it was observed that achieving relatively high BR values
(>50%), compared to previous practical experience, did
not pose significant challenges, despite the fact that no
additional procedures such as RAP fractionation were
applied.

On the basis of the results of the theoretical mixture de-
sign using both real and predicted RAP gradations, it can
be hypothesized that the closer the similarity in gradation

and aggregate type between the designed mixture and
the original SMA mixture from which the RAP was de-
rived, the higher the achievable BR values are likely to
be provided that milling was carried out under standard
conditions.

6. CONCLUSIONS

Based on the analyses conducted in this study, it was es-
tablished that it is possible to predict changes in the ag-
gregate gradation of asphalt mixtures resulting from the
milling process in cases where reclaimed asphalt pave-
ment (RAP) is selectively obtained from SMA layers, and
the following conclusions were drawn:

1. An index was proposed to quantitatively assess chang-
es in mixture gradation after milling, along with rela-
tionships enabling the prediction of the gradation curve
of the mineral mixture recovered from RAP based on
data from the original mixture.

2. The proposed analyses and their outcomes are particu-
larly applicable to situations where RAP is selective-
ly reclaimed from SMA layers, allowing for a direct
comparison between the gradation of a single mixture
type before milling and the properties of the RAP de-
rived from it. In contrast, when RAP is reclaimed from
several pavement layers simultaneously, analyses must
account for additional variables associated with the
blending of mixtures originating from different layers.
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3.

R
(1]

(2]

(3]

(4]

(5]

The results showed that predicting the gradation of
RAP mineral mixtures makes it possible — based on
data from the original asphalt mixtures or core samples
— to estimate the feasible level of RAP incorporation
that can be achieved from a given pavement layer. This
represents a significant tool both for road authorities in
planning maintenance and rehabilitation works, as well
as for contractors in cost estimation and work planning
during tendering for pavement rehabilitation projects.

. It should be noted that the derived relationships may be

subject to error, as they are based on a relatively small
dataset of RAP samples compared with a considerably
larger dataset of asphalt mixtures. Therefore, in future
research on gradation changes resulting from milling, it
is necessary to expand the RAP database and revalidate
the proposed relationships.
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Analiza wptywu procesu frezowania warstw z mieszanek SMA
na mozliwosci ich recyklingu

Streszczenie: Dominujgca obecnie technologig stosowang do budowy warstw $cieralnych jest technologia miesza-
nek SMA, majgca duzy potencjat do zastosowania recyklingu. Gtéwnymi czynnikami ograniczajgcym ilo$¢ destruktu
stosowanego do mieszanek SMA sa: pochodzenie destruktu, jego uziarnienie oraz wtasciwosci zawartego w nim
lepiszcza. Ze wzgledu na szczegdlng budowe szkieletu mineralnego mieszanek SMA mozliwe jest stosowanie w ich
sktadzie jedynie destruktu asfaltowego pozyskanego z warstw SMA. Ponadto znaczacy wptyw oddziatywania ru-
chu pojazdéw i warunkéw klimatycznych na warstwy SMA wymusza stosowanie destruktow zawierajacych lepiszcza
asfaltowe o stosunkowo wysokiej jakosci. W artykule przeprowadzono ocene zaréwno istniejgcych warstw scie-
ralnych SMA, jak rowniez destruktow pozyskanych z warstw SMA ze wzgledu na mozliwosci ich ponownego zasto-
sowania do mieszanek typu SMA w procesach recyklingu na gorgco. W analizach wykorzystano dane pozyskane
od Generalnej Dyrekcji Drog Krajowych i Autostrad oraz przedsiebiorstw wykonawczych. Dokonano analizy sktadu
i uziarnienia pierwotnych mieszanek SMA oraz uziarnienia uzyskanych z nich wybranych destruktow, na podsta-
wie ktorej podjeto prébe okreslenia zaleznosci i wskaznikow opisujgcych zmiany uziarnienia na skutek frezowania
nawierzchni. Bazujac na pozyskanych danych o uziarnieniu destruktéw oraz danych o uziarnieniu wyznaczonych
na podstawie okreslonych zaleznosci przeprowadzono teoretyczny proces projektowania mieszanki SMA o réznym
wskazniku BR w celu okreslenia maksymalnych mozliwych poziomow dozowania nie przetworzonych destruktow
asfaltowych. Przeprowadzone analizy wykazaty, ze dzieki prognozowaniu uziarnienia mieszanki mineralnej destruk-
tu, mozna na podstawie danych o pierwotnej mieszance mineralno-asfaltowej SMA lub na podstawie danych z od-
wiertow oszacowa¢ mozliwy do osiggniecia poziom dozowania destruktu, ktéryzdanejwarstwy bedzie pozyskiwany.

Stowa kluczowe: destrukt asfaltowy, mieszanka SMA, recykling, uziarnienie destruktu, wskaznik BR.




