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Abstract. Nowadays flexible pavement used for roads more and more often consists of hot mix asphalt, made in cen-
tral asphalt mixing plant including granules of reclaimed asphalt pavement. The quantity of reclaimed asphalt pave-
ment to be added depends on its homogeneity. The article presents the algorithm to prognosticate the mineral part 
composition of hot-mix asphalt, taking into consideration the variation of reclaimed asphalt pavement mineral mate-
rial grading. The reclaimed asphalt pavement mineral grading is selected through the use of a random number genera-
tor. The example of simulation is presented and the results are analysed. 
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1. Introduction 

The quantity of asphalt concrete components influ-
ences on its structure as well as physical and mechanical 
parameters (Ceylan et al. 2009; Radziszewski 2007; 
Witczak and Fonseca 1996; Abdullah et al. 1998; Shu 
and Hyang 2008; Seo et al. 2007). The optimal quantity 
of mineral components (coarse aggregate, fine aggregate 
and imported filler) and bitumen contained therein is 
determined through the application of deterministic 
methods, which are based on different principles (Asphalt 
Institute 1993; Roberts et al. 2002; Abdel-Jawad and 
Abdullah 2002; Buchanan and White 2005). 

The conducted experiments (Brown et al. 1989; Pet-
kevičius and Sivilevičius 2008; Stroup-Gardiner and 
Brown 2000) proved that the quantity of hot-mix asphalt 
(HMA) components usually varies, which depends on a 
number of factors. It is not only the grading of mineral 
materials used in the production of HMA (Sivilevičius 
and Vislavičius 2008), but their batch weight (Sivilevi-
čius et al. 2003; Sivilevičius 2005) that varies. The wider 
the range of variation of mineral materials used in the 
production is, the less homogeneity of HMA grading is 
obtained (Sivilevičius, Vislavičius 2008). 

HMA is produced not only of virgin materials, but 
also of milled road asphalt pavement materials or those 
obtained from breaking and then crushing them, i.e. from 

reclaimed asphalt pavement (RAP) materials. RAP mate-
rial is not homogeneous (Mučinis et al. 2009; Karlsson 
and Isacsson 2006). The homogeneity of the milled RAP 
depends on the variation of the components' quantity at 
the beginning of exploitation of the new asphalt pave-
ment, the quantity of additional materials used for the 
repair of damages in pavement exploitation as well as 
RAP loading, transporting and stockpiling technologies. 
Especially the quantity of road pavement damages, which 
depends on the road pavement exploitation conditions, 
influences on the homogeneity of RAP granules. On 
separate road sections annual average daily traffic and the 
number of equivalent single axle loads vary, which influ-
ences on the uneven asphalt pavement deterioration, re-
quiring different types and quantities of repair materials, 
which increases the heterogeneity of RAP (Sivilevičius 
and Šukevičius 2007; Sriramula et al. 2007). 

In Lithuania as well as in other countries each year 
of the last decade it was not only the quantities of HMA 
production (Sivilevičius and Šukevičius 2009), but also 
RAP's weight by percent used for its production (Euro-
pean Asphalt Pavement Association – Asphalt in figures 
2006; Huang et al. 2006) that was increasing. A possibil-
ity to use RAP in the recycled hot-mix asphalt (RHMA) 
production became available only after purchasing as-
phalt concrete mixing plants, which are suitable for 
stockpiling, batching, drying and heating RAP or when 
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such equipment was mounted in places it was not avail-
able before.  

The structure and properties of RHMA produced in 
the central plant or in-place depend on RAP, virgin mate-
rials and bitumen or other rejuvenator's physical and me-
chanical characteristics and chemical constitution. The 
structure and properties of RHMA improve when weight 
by percent of all materials and their recycling technology 
are properly selected (Widyatmoko 2008; Aravind and 
Das 2007; Hassan 2005; Shen et al. 2007; Park 2007; 
Alkins et al. 2008).The less the homogeneity of RAP is, 
the smaller the quantity of it is allowed to be used in 
RHMA. The methodologies of determining the smallest 
quantity of RAP to be used in RHMA differ (Asphalt 
Institute 1993; Mučinis et al. 2009). 

The homogeneity of HMA produced only of virgin 
materials (without RAP) depends on the structure of as-
phalt mixing plant, its technical condition, applied mix 
production technology scheme, parameters of HMA pro-
duction technological process operations, the homogene-
ity of the used virgin mineral materials’ properties as well 
as the operator's, who runs the production process, ac-
tions (Petkevičius and Sivilevičius 2008). The homogene-
ity of RHMA additionally depends on the variation of 
grading of RAP (Sivilevičius 2005; Mučinis et al. 2009; 
Sivilevičius and Vislavičius 2008). 

The article analyses the influence of RAP and min-
eral materials’ grading variation on the homogeneity of 
RHMA (the influence of virgin bitumen's batching errors 
and all materials' mixing quality has not been investi-
gated). The algorithm of prognosticating RHMA grading 
variation has been developed, which enables to evaluate 
the influence of RAP's cumulative percent passing 
through control sieves variation on the homogeneity of a 
RHMA lot. A calculating experiment of simulating the 
influence of RAP homogeneity and quantity on the stabil-
ity of RHMA grading is presented and the results are 
analysed.  

2. Design of composition of recycled hot-mix asphalt  

The design of RHMA as well as HMA is constructed 
taking into consideration its group, type, function and 
load. It uses the means of the grading of materials and 
takes the production technology in asphalt mixing plant 
into account. The aimed RHMA properties as well as its 
homogeneity is guaranteed by its properly designed min-
eral part grading, where the ratio of initial cold mineral 
materials and RAP weight is determined, which fre-
quently ensures the highest density of RHMA mineral 
part. The principles and methods of designing HMA of 
optimal composition when the means of materials' prop-
erties are used (deterministic problem is solved) are pre-
sented in research papers (Asphalt Institute 1993; Wid-
yatmoko 2008; Doh et al. 2008; Aravind and Das 2007; 
Hassan 2005; Shen et al. 2007). Some researchers rec-
ommend to solve HMA optimal design problem through 
the use of mathematical programming methods 
(Sivilevičius and Vislavičius 2008, 2005). When applying 
mathematical programming, the main HMA optimal 

grading calculation problem is not the amount of calcula-
tion, but the criterion of optimality. 

3. The variation of mineral materials‘ grading 

The grading of mineral materials and RAP used in 
the production of RHMA varies within a certain interval, 
which depends on their stockpiling, transportation and 
loading technologies. RAP homogeneity mostly depends 
on the quantity, evenness and quantities of patching mate-
rials used in the repair of damages of the road pavement 
under exploitation and surface dressing, as well as the 
original homogeneity of asphalt concrete in the old 
pavement. RHMA designed from virgin mineral materials 
and RAP is produced in mix batches, the composition 
(grading and bitumen quantity) of which shall not deviate 
from standard quantities of coarse aggregate, fine aggre-
gate, imported filler and bitumen more than specified in 
the statistical tolerances.  In some countries, statistical 
tolerances (ASTM D 3515-01) do not depend on the 
number of sampling units; however, in other countries, 
for example, Germany (ZTV Asphalt-Stb01) and Lithua-
nia (ĮT ASFALTAS 08; R 35-01), they depend on the 
number of sampling units.    

When producing RHMA in a periodical asphalt con-
crete mixing plant, its mix batches are composed not 
from the designed initial cold mineral materials, but from 
the finite dosing overheated hot fractions and reclaimed 
dust additionally screened in the plant. Average grading 
of these finite dosing mineral materials and its variation 
are usually not known if they had not been determined 
through experiments. RAP grading, the quantity and 
properties of old bitumen are also determined through 
experiments, and the variation of these indicators show-
ing their homogeneity is estimated (TRA ASFALTAS 
08; LS TEN 13108-8; Mučinis et al. 2009).  

Cumulative percent of hot fractions passing through 
control sieves used in the production of RHMA varies 
due to the following three main reasons (Sivilevičius 
2005; Sivilevicius and Vislavičius 2007, 2008): 

•  change of hot mineral materials mix flow 
(debit) continuously running on the sieve of an 
asphalt mixing plant during the production 
process; 

•  variation of grading of hot mineral materials 
mix running on the sieve of an asphalt mixing 
plant; 

• segregation of hot fractions dropping into the 
bin section under a sieve and their segregation 
when dropping into a batcher.  

All these stochastic technological factors influence 
on the discontinuous flow of a certain hot fraction grad-
ing variation dropping from each section of the hot min-
eral aggregate bin into a batcher. Even extremely accurate 
dosing of different grading of the same hot fraction and 
RAP batches does not ensure their homogeneity: cumula-
tive percent passing through control sieves of separate 
bathes differ; i.e. they are not homogeneous.  
 



 325 

4. Stochastic simulation algorithm of normal  
distribution values 

The study conducted by us revealed that cumulative 
percent of mineral materials passing through control 
sieves contained in HMA usually distribute according to 
the normal distribution. The means of mineral materials’ 
cumulative percent passing through control sieves and 
their standard deviations are usually estimated through 
experiments. When means and standard deviations are 
known, it is not difficult to calculate probability densities 
of cumulative percent passing normal distribution. How-
ever, when simulating the homogeneity of HMA mineral 
part, it is not the probability densities of normal distribu-
tion but the values of the percent passing that shall be 
known. The algorithm to determine the values of percent 
passing was developed and presented in the works of the 
authors of this article (Sivilevičius and Vislavičius 2007, 
2008).  

5. Calculating experiment 

The homogeneity of RHMA is described by the sta-
tistical indicators of its components' quantity distribution 
around population mean μ : standard deviation σ , vari-

ance 2
σ , percent variation coefficient CV. When the 

product (HMA obtained through recycling or recycled 
layers of pavement) is evaluated, sample mean x  is used 
instead of population mean μ  , and sample estimated 

standard deviation s  and sample variance 2s  are taken 

instead of  population variance indicators σ  and 2
σ . 

Problems of simulating the influence of RAP homo-
geneity and weight by percent on the stability of RHMA 
grading may be formulated in two ways. In the first case, 
the changing of standard deviations of RAP cumulative 
percent passing through control sieves and dose weight 
according to a certain regularity might enable to study the 
influence of these factors on the RHMA grading varia-
tion. It is a very interesting problem requiring special 
investigation. In the second case, providing standard de-
viations of RAP (and mineral materials) cumulative per-
cent passing through control sieves and batch weight are 
known, a direct problem may be solved, i.e. fields of 
RHMA batches’ mineral part cumulative percent passing 
through control sieves and components' quantities scatter-
ing are determined. Based on a certain probability, these 
data enable to verify whether RHMA batches comply 
with standard requirements. The article solves the prob-
lem of the second type, i.e. it is only the grading of RAP 
which varies, and the quantity of materials in RHMA 
gradually changes and makes up 10 %, 20 %, 30 %, 40 % 
and 50 %. The variation of other mineral aggregates' 
grading was not taken into consideration, and their weight 
by percent is determined through the optimization of 
RHMA composition with respect to the values of upper 
U  and lower L  tolerances. 

A calculating experiment was performed with as-
phalt concrete mix of mark AC 16 VS of an asphalt sur-
face course produced from imported fillers (If), reclaimed 

dust (Rd), hot mineral aggregate fractions (Fr) as well as 
RAP. Original grading of materials is presented in Ta-
ble 1. A set of the standard laboratory sieves (TRA AS-
FALTAS 08) was used in the experiment; the size of 
some of sieves differing from the dimensions specified in 
Construction Recommendations R 35-01. 

At the beginning of simulation, it was supposed that 
the number of simulated values of RAP cumulative per-
cent passing through control sieves is the same and equals 
to 61. If standard deviations s and means x  (Table 1) of 
cumulative percent passing through control sieves of 
RAP in a warehouse of an asphalt concrete base are 
known and that they distribute according to the normal 
distribution, the value 61 of RAP cumulative percent 
passing through each control sieve was obtained. For 
example, the following sequence of values for 5,6 mm 
control sieve was obtained: 50.44, 55.81, 57.68, 59.03, 
60.11, 61.04, 61.85, 62.57, 63.24, 63.85, 64.42, 64.96, 
65.48, 65.97, 66.43, 66.89, 67.32, 67.75, 68.16, 68.56, 
68.96, 69.35, 69.73, 70.11,70.48, 70.85, 71.21, 71,58, 
71.94, 72.31, 72.67, 73.03, 73.40, 73.76, 74.13, 74.49, 
74.87, 75.24, 75.62, 76.01, 76.40, 76.81, 77.22, 77.64, 
78.07, 78.52, 78.98, 79.45, 79.95, 80.48, 81.03, 81.62, 
82.25, 82.94, 83.70, 84.55, 85.54, 86.73, 88.26, 90.59, 
95.53. 

Based on the methodology presented in our works, 
RHMA of optimal composition AC 16 VS was designed 
from mineral materials and RAP, where RAP makes up 
10 % of the total weight, and when RAP makes up 20 %, 
30 %, 40 % and 50 %. Optimal weight by percent of 
other mineral materials contained in RHMA is presented 
in Table 2.  

The ratio of mineral materials and RAP weight by 
percent was selected so that deviations from middle toler-

ances 
2

LU +  of mineral part's cumulative percent passing 

through all sieves of RHMA of mark AC 16 VS designed 
from them were minimal. When optimizing the ratio of 
materials' weight it was found out that reclaimed dust 
shall not be used. This material accumulating during the 
production process may be used in the production of 
HMA of lower mark.   

Optimal values of cumulative percent passing 
through control sieves of RHMA mineral part designed 
from RAP of different weight by percent and the means 
of mineral aggregates' grading are close (Table 3). 

Maintaining the same optimal ratio of weight by 
percent of all materials and varying RAP cumulative 
percent passing through sieves for each RAP weight by 
percent (from 10 % to 50 %), 9999 RHMA batches were 
obtained, i.e. 9999 grading curves were obtained. When 
simulating RHMA batches, a random number generator 
selected combinations of mineral materials and RAP. 
When simulating RHMA grading curves, the condition 
that more mineral particles dropped through standard 
sieve 1+i  with larger mesh dimensions compared with 
the amount of particles dropping through the adjacent 
standard sieve i  with smaller mesh dimensions was veri-
fied.
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Table 1. Data used when simulating the influence of RAP on the homogeneity of RHMA 

Cumulative percent passing through a sieve, mm HMA and materials used for its  
production 0.063 0.125 0.25 0.5 1 2 5.6 8 11.2 16 22.4 

U  9 17 24 30 36 45 66 76 85 100 – 
L  5 7 14 20 26 35 54 62 70 90 – 

AC 16 VS 

2

LU +

 
7 12 19 25 31 40 60 69 77.5 95 – 

If x  82.9 95.0 99.2 100 100 100 100 100 100 100 – 

Rd x  85.1 92.6 98.7 100 100 100 100 100 100 100 – 

Fr 0/2 x  2.8 16.3 42.1 54.9 77.6 94.0 100 100 100 100 – 

Fr 2/5 x  1.1 1.2 1.3 1.5 3.3 10.8 91.4 10 100 100 – 

Fr 5/8 x  0.8 0.9 1.1 1.2 1.5 3.5 13.2 92.8 100 100 – 

Fr 8/11 x  0.6 0.7 0.8 0.9 1.1 1.4 2.2 8.4 89.5 100 – 

Fr 11/16 x  0.3 0.3 0.4 0.5 0.6 0.7 1.0 3.6 11.2 95.0 – 

x  9.4 14.3 20.6 28.7 38.1 49.8 72.6 84.8 94.8 98.8 99.6 RAP from a stockpile of an as-
phalt mix production company s 1.38 2.21 3.11 4.02 5.31 6.39 8.81 6.88 3.87 1.91 1.04 

Note: specified tolerances are written in bold 

 
Table 2. Optimal weight by percent of mineral materials contained in RHMA when RAP quantity varies 

Virgin mineral materials in weight by percent Sum of materials' 
weight by percent RAP, % 

If Fr 0/2 Fr 2/5  Fr 5/8 Fr 8/11 Fr 11/16  
10.0 7.5 21.2 16.8 20.9 6.0 17.6 100.0 

20.0 6.5 17.4 14.4 19.6 5.3 16.8 100.0 

30.0 5.6 13.4 12.0 18.4 4.2 16.4 100.0 

40.0 5.0 9.4 9.8 16.6 3.2 16.0 100.0 

50.0 4.4 4.9 7.2 16.2 2.3 15.0 100.0 
 

Table 3. Values of RHMA grading designed from different weight by percent of RAP 

Cumulative percent passing through a sieve, mm RAP, % 
0.063 0.125 0.25 0.5 1 2 5.6 8 11.2 16 22.4 

10 8.19 12.50 18.99 22.65 28.80 35.16 54.38 74.51 83.22 99.00 100 

20 8.15 12.31 18.41 22.38 28.55 35.25 54.45 74.50 83.49 98.92 100 

30 8.19 12.18 17.83 22.09 28.25 35.25 54.43 74.46 83.44 98.82 100 

40 8.48 12.34 17.56 22.10 28.24 35.55 54.82 74.37 83.38 98.72 100 

50 8.75 12.42 17.08 21.84 27.85 35.39 54.52 74.67 83.84 98.65 100 

 
 
Cumulative percent passing through control sieves 

of the simulated RHMA was calculated through the use 
of the following formula (Sivilevičius and Vislavičius 
2008): 

,...,r, ,...,n, , iqpp
m

j
jjii 2121   ,01,0

1
,,,, ==⋅⋅= ∑

=

ζζζζ  
 

(1) 

here ζip – ζ  – batches’ cumulative percent passing 

through i standard sieve, weight by percent; ζ,, jip – ζ  

batches’ j  material's cumulative percent passing through 

i standard sieve, weight by percent; ζ,jq – ζ  batches’ j  

material's quantity,. weight by percent; m  – number of 
materials; n  – number of sieves; r  – number of simu-
lated batches. 

The greater the number of simulated batches is, the 
more precise the evaluation of the influence of RAP grad-

ing variation on the distribution of RHMA mineral part is 
obtained. Therefore, RHMA r  batches’ grading curves 
scattering fields were obtained. 

The obtained curves of RHMA batches’ grading en-
abled to determine the average curve of its grading. Av-
erage percent passing through standard sieves ip of 

batches’ mineral part were calculated according to the 
following formula: 

ni
r

p

p

r

i

i ,...,2 ,1   ,1
,

==

∑
=ζ

ζ

 

 
 

(2) 

Obtained values ip , when different RAP weight by 

percent quantities are used, are presented in Table 4. 
They almost do not differ from the values presented in 
Table 3 obtained through the optimization of materials' 
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weight by percent when the means of their grading are 
used for that. 

If average percent passing through standard sieves 

ip of RHMA batches’ mineral part is known, calculated 

standard deviations were determined 

,...,n, i
r

pp
r

ii

i 21    ,
1

)(
1

2
,

=

−

−

=

∑
=ζ

ζ

σ  

 
 
(3) 

The simulated values of calculated standard devia-
tions iσ  when different quantity of RAP is used are pre-

sented in Table 4. 
Finally, the limits of RHMA mineral part's cumula-

tive percent passing through all standard sieves scattering 
field were determined: 

iiii ppp σ3)( max,min, m=  
 

(4) 

The obtained limits minp , maxp  (Table 4) may be 

used to demonstrate the scattering field of RHMA min-
eral part's cumulative percent passing through standard 
sieves and to compare it with middle tolerances U  and 
L . Such field shows how wide the range of RHMA grad-
ing is only due to the heterogeneity of RAP; whereas the 
grading of other mineral materials is stable, and their as 
well as RAP random batching errors do not exist. Having 
taken the latter factors, which have more or less influ-
ence, into consideration, the field would expand. 

Suppose that more than 20 sampling units were 
taken from RHMA. Then according to ĮT ASFALTAS 08 
the permitted tolerance of imported filler’s quantity from  

 
Fig 1. Variation of cumulative percent passing through 
a standard 0.063 mm sieve, depending on the quantity 
of RAP in RHMA. 

 

job mix formula is % 5.1± , and that of coarse aggregate 
% 3± . Calculations show that the tolerance according to 

the quantity of imported filler is violated when the quan-
tity of RAP in the RHMA reaches % 40  (Fig 1), and the 
tolerance according to coarse aggregate is violated when 
the quantity of RAP in the RHMA reaches  % 20  (Fig 2). 

The obtained results show that when the average 
cumulative percent passing through standard sieves (its 
mean) p approximates to the value of 50 % , the value of 

standard deviation σ increases. It does not contradict to 
the general theoretical and practical laws (Sivilevičius 
2005; Brown et al. 1989) of mineral materials and  mixes 

 

Table 4. Statistical data of 9999 grading of RHMA simulated with RAP with different weight by percent 

Cumulative percent passing through a sieve, mm RAP, % Indicator 
0.063 0.125 0.25 0.5 1 2 5.6 8 11.2 16 22.4 

p  8.19 12.49 18.95 22.59 28.72 35.13 54.15 74.36 83.11 100 100 
σ  0.13 0.21 0.29 0.37 0.49 0.60 0.75 0.58 0.32 0.15 0 

minp  7.79 11.86 18.09 21.47 27.25 33.34 51.91 72.61 82.16 98.53 100 
10 

maxp  8.58 13.12 19.82 23.71 30.19 36.92 56.39 76.11 84.05 99.40 100 

p  8.15 12.29 18.33 22.24 28.39 35.19 53.99 74.19 83.25 100 100 
σ  0.26 0.42 0.58 0.75 0.98 1.20 1.49 1.16 0.63 0.29 0 

minp  7.36 11.03 16.60 20.00 25.46 31.60 49.51 70.70 81.36 97.99 100 
20 

maxp  8.94 13.56 20.06 24.48 31.33 38.77 58.48 77.69 85.15 99.73 100 

p  8.18 12.16 17.72 21.89 28.01 35.16 53.74 74.00 83.09 100 100 
σ  0.40 0.63 0.87 1.12 1.47 1.79 2.24 1.75 0.95 0.44 0 

minp  7.00 10.26 15.13 18.52 23.60 29.78 47.02 68.76 80.25 97.42 100 
30 

maxp  9.37 14.06 20.32 25.25 32.42 40.54 60.47 79.24 85.93 100 100 

p  8.46 13.31 17.41 21.83 27.92 35.43 53.90 73.76 82.91 100 100 
σ  0.53 0.84 1.15 1.49 1.96 2.39 2.99 2.33 1.26 0.58 0 

minp  6.88 9.78 13.95 17.34 22.05 28.26 44.94 66.78 79.13 96.85 100 
40 

maxp  10.05 14.85 20.87 26.31 33.80 42.60 62.86 80.74 86.70 100 100 

p  8.74 12.39 16.89 21.50 27.46 35.24 53.37 73.91 83.26 100 100 
σ  0.66 1.06 1.44 1.87 2.45 2.99 3.73 2.91 1.58 0.73 0 

minp  6.76 9.22 12.56 15.90 20.11 26.27 42.17 65.18 78.53 96.32 100 
50 

maxp  10.72 15.55 21.22 27.10 34.80 44.20 64.57 82.64 87.99 100 100 
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maximum variation obtained for that sieve, through 
which approximately % 50  of the total mass of particles 
drop, and confirms that the presented methodology en-
ables to obtain dependable results from the point of view 
of engineering.  
 

 
 

Fig 2. Variation of residues on a standard 2 mm sieve, 
depending on the quantity of RAP in RHMA.  

 

Conclusions 

1. One of the most important properties of RAP is its 
homogeneity, described by its composition and the 
properties' of bitumen. RAP heterogeneity influ-
enced by the reclaimed road pavement original het-
erogeneity and uneven distribution of additional ma-
terials used in place during the exploitation period 
on the pavement area, shall be taken into considera-
tion when designing the composition of reclaimed 
mix; i.e. when selecting the optimal quantity of RAP 
in it. It is extremely complicated to increase the ho-
mogeneity of RAP in production companies; there-
fore, its factual homogeneity influencing on its high-
est permitted quantity is taken. 

2.  The influence of RAP heterogeneity on the composi-
tion of RHMA mix has not been investigated yet. 
The article presents stochastic simulation methodol-
ogy of the influence of RAP grading distribution and 
its quantity on the homogeneity of RHMA, and the 
algorithm enables to calculate values of RHMA 
grading distribution parameters when different quan-
tity of the known (estimated through experiments) 
RAP homogeneity is taken. The problem solved 
with real RAP values of homogeneity shows that the 
presented simulation methodology is suitable for the 
use in production and allows to determine maximum 
permitted quantity of RAP according to its grading 
distribution parameters (standard deviations of cu-
mulative percent passing through standard sieves).  

3.  The presented stochastic simulating data of the cal-
culated experiment reveal that the increasing RAP 
weight by percent influences on the expansion of the 

RHMA grading scattering field. When the limits of a 
scattering field of cumulative percent passing 
through a respective standard sieve approach the 
maximum permitted width of the produced RHMA, 
the quantity of RAP shall not be increased. 
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