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Abstract. The method of statistical imitative simulation (Monte-Carlo) was used to simulate the heterogeneity of the 
produced asphalt concrete mixture (ACM) mineral part grading. The stability of optimisation of mathematical models 
of ACM composition developed by us was tested by a computer using tpe theory of this method application. Average 
values aij and their average standard deviations 0' ij of seven (A j = 7) fmally hatched aggregate partial residues on 
control sieves i (i = 9) were set for research. Imported filler A1 and reclaimed dust A2 were replaced by their mixture 
{!. whe~ the accepted ratio of these materials masses "A is 1, 2 and 3. The maximum (Amax) and minimum 
~A j min }values of ACM materials quantity optimal composition were calculated from numerical values of aggregate 

with different heterogeneity ((minimum- O'ijmin, medium- O'ijvid, maximum- O'ijmax) increasing the number of 
computer imitations N (100, 300, 500, 1000, 5000, 10 000). The graphs of the difference between the calculated maxi
mum and minimum values of optimal quantity of aggregate dependence M j on the imitation number N are presented. 
Calculation results proved the sufficient stability and practical application of the used optimization mathematical model 
to forecast ACM heterogeneity, when the heterogeneity and optimal quantity of the aggregate used in the mixture are 
known. 

Keywords: asphalt concrete mixture, production technology, imitative simulation, model stability, Monte-Carlo method. 

1. Introduction 

Any mathematical model can be applied in practice 
as long as all other main parameters of the model are 
stable, i.e. when minor fluctuation of each argument in 
the model corresponds to the minor fluctuation of the 
characterist"ics (result) under investigation. The model 
stability may be tested by repeating the same experiment 
a lot of times, by slightly changing the values of model 
parameters and analyzing the variation of the obtained 
result after each change. In practice it is difficult to re
peat the same experiment a lot of times since it takes a 
lot of time and costs a lot. To increase the data depend
ability the number of experiments shall be increased con
siderably. 

To test the stability a well-known imitative simula
tion model (Monte-Carlo) may be applied [ l--4]. 

The advantage of the stochastic imitative simula
tion is that not the experiment itself but the mathemati
cal model of the experiment description is carried out 
(repeated). Thus, we obtain random, but possible (prob
able) values of each constituent, which depend on the 
parameter probable distribution and the main value of 

the calculated corresponding characteristics, i.e. math
ematical model solution. Having a set of solutions the 
possible result fluctuation limits and empirical distribu
tion are identified. 

To design the asphalt concrete mixture (ACM) com
position, methods [5-8] based on various principles, en
abling to obtain different results, are used. 

To produce ACM of the highest quality, conform
ing to the requirements of Construction Recommenda
tions R 35-01, the mixture composition optimization 
mathematical model was developed and applied in prac
tice [9, 10]. The original calculation showed [9] that the 
calculated mass quantity of one of the fmest aggregates 
(reclaimed dust - A2 ) is negative: A2 = -0,0552. The 
result showed that in some cases the calculation model 
may be unstable. When producing ACM the aggregates 
(imported filler Mm and reclaimed dust Md) may be in
terchanged decreasing the number of one material and 
increasing the quantity of another material the same 
amount. To identify the practical required quantity of the 
fmest aggregates and to avoid a negative result the opti
mization model [10] with a different set ratio coefficient 
2 of these aggregates was developed. 
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When mass ratio A= A1 I A2 f multi-dispersive ag

gregates is preset by an asphalt concrete mixing plant 
operator in the batcher handling computer program, the 
technological process of the mixture production corre
sponds to the real scenario of necessary actions. The re
claimed dust which is constantly accumulated in a con
tainer is frequently used producing ACM. Therefore, 
the mass of its batches shall be sufficient to avoid its 
shortage or excess in the course of time. 

The materials used producing ACM are heteroge
neous [11]. During a working shift their grading fluctu
ates within wide limits which are shown by the factual 
values of average quadratic deviations of full passing 
through control sieves. Due to a segregation processes 
in ACMP hatcher sections hot sieved fractions are not 
only more contaminated by by-grains, but also less ho
mogeneous than an original imported filler. When het
erogeneous finally hatched aggregate is used, heteroge
neous ACM is produced. Greater fluctuations of the pro
duced ACM components quantity are influenced by 
greater fluctuations of the used aggregate grading. The 
curve of the designed optimal grading of ACM aggre
gate part fluctuates (slides) within a certain interval due 
to the heterogeneity of the used aggregate. When ex
tremely heterogeneous aggregate is used, a case when 
the optimal average curve of the designed ACM, obtained 
from their grading means, conforms to the standard re
quirements (is within standard norms) may occur. How
ever, in a separate case, due to the heterogeneity of ma
terials, the maximum and minimum values of the mix
ture curve exceed the standard limits of curves. The meth
ods of identifying the interval width of curves distribu
tion have not been studied a lot. 

The aim of this research is to test the stability of the 
mathematical optimization model of asphalt concrete 
mixture composition selection developed by us [9, 1 OJ 
using the statistical imitative simulation. 

2. The Application Principles ofimitative Simulation 

When simulating the impact of ACM production 
technological process (operations) parameters variation 
on the homogeneity of its characteristics, we apply the 
optimization mathematical model [9, 10] ACM contains 

separate aggregates A /J = l, ... ,m), and each material 

contains three mineral components (crushed stone, sand 
and mineral powder) or more than three separate narrow 
(or wide) fractions. The grading of all mineral materials 

j is identified at the beginning of ACM production tech

nological process, i.e. before starting to produce it in 
ACMP. It is tested when characteristics of other original 
aggregate and (or) parameters of ACM production tech
nological process change. 

Most frequently partial residues au on each i con-

trol sieve (i = 1, ... , k) or and full passing through these 
sieves Pi} are lmown (Table 1). 

Aggregate heterogeneity is shown by average s qua
dratic deviations o-, of partial residues on control sieves 
(Table 2). 

Optimal composition of ACM of the preset mark, 
which conforms to the composition specified in standards 
[ 11, 12] best, shall be produced from and more) original 
r finally batched aggregate A J taking their grading into 
account ( k partial residues on control sieves, k = 9 ). 
Out of all possible ACM composition variants to be pro
duced, the only best material mass ratio percentage, which 
is calculated using the least square method, is recom
mended. Here the condition that the summative differ
ence square of calculated (project) Z; , and set (standard) 
Z 0 ; partial residues on control sieves aiJ or full passing 
Pij through respective control sieves for all control sieves 
k(i = 1, ... , k) shall be the least. 

Till now the determined mathematical model was 
applied to calculate the mass ratio percentage of materi
als used for asphalt concrete o any other mixture pro
duction when the values of all materials project quantity 
A J used for ACM production acquired a separate con
crete value. Therefore, the solution of the optimization 
model showing the best selected quantity of materials is 
also concrete and unambiguous. The imitation of ACM 
production stochastic technological process provides a 
possibility to repeat the process under investigation a 
number of times, by setting not only the maximum, me
dium, and minimum values of aggregate grading but also 
separate random values, complying with the reality, 
changing within these limits due to the heterogeneity of 
materials; i.e, to obtain various their combinations. It also 
provides a possibility to replace a concrete single case 
by a real case repeated a number of times, by revealing 
the worst, average and the best quality of the mixture 
and the probability of their existance. Therefore, the op
timization methodology presented in the research enables 
to apply the stochastic model instead of the determined 
one. Therefore, the data from Table 2 are used. 

The main causes which impact on the instability of 
the results calculation are as follows: 

1. Aggregates used for ACM production are het
erogeneous due to the segregation in ACMP batcher sec
tions [13]. The grading ofhot fractions screened through 
ACMP technological sieves depends not only on the origi
nal cold aggregate and the grading of its mixture, but 
also on the changing technological parameters of the siev
ing process. Hot fractions still segregate in batcher sec
tions. When taking samples to identify the factual grad
ing, but selecting the required number and mass of 
samples inappropriately as well as applying improper 
sample taking methodology, additional errors are made. 
The impact of these factors on the heterogeneity of a 
finally batched aggregate is shown by values of average 
quadratic deviations (Table 2). 
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2. When identifying the grading of all aggregate j 
in a laboratory, errors of separate sample mixing, aver
age sample reduction to testing sample and sieved resi
dues on control sieves weighing are made, which depend 
on the accuracy of scales and proper actions of the labo
ratory specialist. Most frequently, the materials hetero
geneity, sample taking and testing errors have normal 
distribution. 

3. When calculating the composition of the selected 
mark ACM from its permitted lower TA = aiOmin, and 
upper Tv = awmax values, interval mean a;0 , is taken; 
although the composition ofthe mixture may vary within 
the interval (TA, Tv) and it is distributed according to 
normal distribution. 

3. The Sequence of Imitative Simulation 

The following sequence of statistical imitative simu
lation may be applied in research: 

1. The mathematical model under investigation 
U = F(X, Y, ... , Z) ( U may be a vector as well) depends 
on random sizes with relevant distribution of parameters 
X,Y, ... ,Z. 

2. When a statistical sample x1, x2 , ... x11 
, of each 

parameter (e.g. X ) is used before the application of the 
imitative simulation, we test the statistical non-parametral 
hypothesis on the theoretical distribution of parameter 
X , having applied one of compatibility criteria (Pirson, 

Kolmogorov, Smimov or others). 
3. We generate random values ~1 .~ 2 , ... ,~ 11 com

paratively high) of uniform distlibution N within inter
val [0, 1] with a computer generator and a relevant stan
dard program or a table of random sizes. 

4. When theoretical distribution function 
F(x)=P(X<x) (O~F(x)~l)ofrandom size X is 
used, from e~uation ~ = F (x), having inserted genera~ed 
numbers ~ . U = 1, N J, relevant random values N of siZe 
X x1,x/ ... ,xN are obtained applying inverse 

Table 1. Matrix of mass percentage average means of aggregate partial residues on control sieves 

Quadratic mesh of Aggregate Aii = l, ... ,m) Standardized average 
control sieves values of a10 of ACM 

Edge Mark /1 AI A2 A3 Am aggregate part 
length, (i=l, ... ,k) 

mm 
22,4 /I au al2 a13 aim alO 

16 /2 a21 a22 a23 a 2m a2o 
11,2 /3 a31 a32 a33 a 3m a3o 

8 /4 a41 a42 a43 a4m a4o 
5 
2 

0,71 
0,25 
0,09 lk akl ak2 aid akm ako 

Bottom /1 /2 /3 fm fo 

Table 2. Matrix of mass percentage average means of aggregate partial residues on control sieves 

Quadratic mesh of Aggregate A ii = 1, ... , m} Permitted values a 10 control sieves 
of ACM aggregate part Edge Mark 11 AI A2 A3 Am 

length, (i = l, ... ,k) 
mm 
22,4 /I au 0"12 al3 aim 
16 /2 a21 u22 a23 a 2m 

11,2 /3 0"31 a32 a33 a 3m 
8 /4 a41 a42 a43 a4m Not standardized 
5 
2 

0,71 
0,25 ·-
0,09 lk aki ak2 ak3 akm 

Bottom all a12 0"[3 a fin 
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F(x) function x = p-1 (~). 
5. In practice nonnal X distribution N(a; a) is used 

most frequently; here a -mean, a -average standard de
viation. As it is known in this case it is impossible to 
calculate the distribution function F (x) (integral) as well 
as to solve equation x = F-1 (~). In this case standard 
computer procedure may be applied and if this proce
dure is missing, one of the transformations uniform dis
tribution ~ to normal X applying, for example, one of 
algorithms [2, 3] is: 

m m 
L~J-
J=1 2 

m (1) 

when x and ax are means of normal random size 
X mean and a standard deviation, m is the number of 
generated uniform distribution random sizes 

~1, ~2,·····~m. When m = 12, we obtain a separate case 

x=x+ax[I~1 -6]. 
.]=1 

(2) 

6. Values of other parameter Y, ... , Z random sizes 
s_ be_geneEated_ analofously, a1:d values of each set 
x 1 , Yr··· Z.l (J = 1, N) shall be mserted mto the model 
under investigation U = F(x, y, ... , z). In this case we 
obtain U values ii1,ii2 , ... ,uN ofresult N. 

7. If the theoretical distribution of random size X 
is not known or cannot be identified, but X possible 

fluctua~io~ interval [a,b] =[X min, X ~a~] ~s known, uni
form d1stnbutwn values ~ 1 (J=l,NJ mmterval [0, 1] 
may be rearranged into corresponding unifonn distribu
tion values x J = a+ (b- a)·~ j in interval la, b J. 

8. When generating values x, y, ... , z of different 
parameters or solving the task again, a new non-recur
ring sequence ~1 , ~ 2 , ... , ~N as in a real experiment may 
be always obtained. 

4. Imitative Simulation of ACM Production Techno
logical Process 

When imitating the grading of the aggregate ob
tained in a laboratory is used (Table 3). We present imi
tative simulation as an example, where we took the means 
of finally batched aggregate partial residues on control 

sieve~ ~d theif set theoretica~ a stC)lldard drviations show
IJig mmnv-um ~a ij min ) medmm ~cr ij men) and max1mum 
~aij max }heterogeneity obtained from [10] (Table 4). 
The empiric distribution A.i of all components au quan
tity in the aggregate was identified by experiments and it 
was found out that the quanity of a component on each 
sieve i has a normal distribution with corresponding 

mean au of parameters and average standard deviation 
ai} . When imitating the process for each sieve 
(i = 1, ... ,9), we obtain random partial residues au of all 
aggregate A J (J = 3, ... ,7) using standard programs of 
generating random numbers of the normal distribution 
with parameters au and (Jij . 

Corresponding values !1 of each material A J, i.e. 
partial residue with grains less than 0,09 mm of aggre
gate j screened to the bottom of the sieve are calcu
lated. Optimization task [14] is solved and optimal quan
tities of aggregates A J are obtained from the original 
data table (Table 3). 

The process of calculating the optimal quantity in 
per cent of aggregate mass is imitated N times using 
formula~ (1) and (2). When calculating, maximum 
lA J max ) and minimum (A lrrun ) values of all materials 
A J quantity in unit parts are identified (Taple 5). The 
(2) table contains only the data obtained from medium 
aij vid values when A.= 1, 2, 3. 

The sum of aggregate optimal quantity values 
A j min for any number N of imitations is less than 100 
000, and maximum values A j max -more than 100 000. 
The modulus of optimal minimum quantity deviation 
A J min from mean A J is not the same as with maximum 
deviation A J max from modulus A J . 

Calculation data of the difference of dependences 
M j = A j max -A j min from imitation number N and 
graphs drawn according to them (Fig) show that when 
N is increased (from 100 to 10 000), values M J in
crease considerably at the beginning, and after a certain 
number of N , they almost do not change. Such number 
N whenordinatesoffunction MJ = J(N) reachmaxi
mum stable values may be considered sufficient when 
simulating ACM heterogeneity. 

The maximum (A j max ) and minimum (A j min) 

values for set everage standard deviations cri} vid of 
materials partial residues of each aggregate optimal 
quanitity ACM calculated by imitation vary inconsider
ably (absolutely less than 2 mass in%). When the aggre
gate heterogeneity ( cri} values) increases, difference 
M J of optimal maximum A j max and minimum A j min 

quantity in AC mixture increases. When extremely he
terogeneous materials are used (most frequently due to 
segregation in ACMP hot hatcher sections), difference 
M J of their optimal quantity increases. It can be so big 
that separate values of the designed ACM grading full 
passing through control sieves exceed tolerance limits 
ofR 35-0 1. 

5. Conclusions 

1. A new asphalt concrete mixture (ACM) grading 
designing method which is based not on the determined 
calculation of optimal quantity of an aggregate accord
ing. to the arithmetic means of their partial residues on 
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Table 4. Average standard deviations 

(J"lj. Sieve Mark of aggregate 

Min 

Med 

Max 

a) 
AAJ 0,022 

0,020 

0,018 

0,016 

0,014 

0,012 

0,010 

0,009 

0,005 

o.~ 

b) 
&A 0,022 

J 0,020 

c) 

0,018 

0,016 

0,014 

0,012 

0,010 

0,000 

0,006 

0,004 

0,022 
"-AJ 0,020 

0,018 

0,016 

0,014 

0,012 

0,010 

0,008 

0,006 

0,004 

mesh AJ A4 
size A! 
mm 
22 4 0 0 0 

16 0 0 0 
11,2 0 0 0 

8 0 0 0,01 
5 0 0 025 004 
2 0 0 05 0,5 

0,71 0 0125 0,12 
0,25 0,05 0,15 0,02 
0.09 02 0,1 0,01 
22,4 0 0 0 
16 0 0 0 

II 2 0 0 0 
8 0 0 0,02 
5 0 0,05 0,08 
2 0 0 I 1,0 

0,71 0 0,25 0,24 
0,25 0,1 0,3 0,04 
0,09 0,4 0,2 0,02 
22,4 0 0 0 
16 0 0 0 

11,2 0 0 0 
8 0 0 004 
5 0 0,1 0,16 
2 0 02 2,0 

0 71 0 0,5 0,48 
0 25 0,2 0,7 0 08 
0,09 0,8 0,4 0,04 

k.J'1' -
Lfll 
~/ 

tl"" 

0 2000 4000 6000 

--
I~ --1!1*.,...-
I}",/ 

1'" 
1/\/ 

0 2000 4000 6000 

f.--
~ v--
~~ 
~ 
11' .)<--
I")( 
1"1' 'a.-

0 2000 4000 6000 

As A6 A? 

0 0 01 
0 001 0,3 
0 0,2 I 2 

0,03 0,9 0,4 
07 04 02 

0,15 0,1 0,1 
008 0 02 0,03 
001 0,01 0 

0 0 0 
0 0 02 
0 0 02 06 
0 04 24 

006 1,8 0,8 
1,4 08 04 
0,3 0,2 0,2 
0 16 004 0 06 
0,02 0,02 0 

0 0 0 
0 0 0,4 
0 0,04 1,2 
0 0,8 4,8 

0 12 36 16 
28 1,6 08 
0,6 0,4 0,4 

0,32 0,08 0,12 
004 0 04 0 

0 0 0 

8000 .. 10000 

8000 10000 
N 

8000 10000 
1\! 

Dependence of absolute difference M j between hatched 
aggregate optimal quantity maximum A j max and minimum 
Aj min values on the number of imitations N when the ratio 

of Mm and Md is 'A : a -1 ; b - 2 ; c- 3 

control sieves is presented. 
The area of the designed ACM grading distribution, 

the width of which depends on the homogeneity of used 
materials was obtained in the optimization model of 
materials quantity using statistical imitative simulation 
method (Monte-Carlo). This mathematical stochastic 
model enables to design ACM grading conforming the 
real conditions of its production better; therefore its ac
curacy is considerably higher than that of the deter
mined models. 

2. The constructed ACM designing mathematical 
model of aggregate optimal quantity is stable since the 
calculated maximum values A J max of their quantity dif
fer from minimum values A J min (when using average 
values Gijvid of average standard deviations of partial 
residues on control sieves), and their difference M J var
ies from 0,4 to 2,1 % (absolute values). When values 
aij increase, values M J increase at the same rates. 

When the number of imitations N is increased from 
100 to 10 000, difference M J increases rapidly at the 
beginning, but after a certain N , having reached the 
maximum values, it almost does not change. The num
ber of imitations N at which M J stops increasing is 
considered sufficient when calculating the homogeneity 
of the designed ACM grading. 

3. Due to the obtained sufficient stability the con
structed new optimization mathematical model may be 
used in practice using the best aggregate mass percent
age used to produce ACM. The application of this model 
enables to calculate not only average coordinates of ACM 
aggregate grading curve, but also the variation interval, 
and from it the probability number of separate values 
not conforming to the requirements of nmm R 35- 01 
from grading arithmetic means of aggregate estimated 
through the experiment and factual values (average stan
dard deviations) of its heterogeneity. 
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