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Abstract 
The R. Eppler Airfoil Program System is used for the multipoint design of wing sections. The goal of the design 
is the low sensitiveness to leading edge contamination and low drag. The XFOIL and MSES codes of M. Drela 
are used for the analysis. The examples of wing sections, calculated and measured results are presented. 
Key words: wing section, design, calculation, experiment 

 
Introduction 
The airfoil lift-to-drag ratio is rarely the only desirable feature of an airfoil. The airfoil high 
lift, climb parameter, thickness, pitching moment, stall characteristics, and sensitivity to the 
leading edge contamination or roughness are all important factors, among others, that must 
each be weighed separately when one considers selecting or designing an airfoil. This study 
focuses on the factors most related to low drag and low sensitivity to the surface 
contamination of airfoils at medium Reynolds Numbers (about one million). Only single-
element airfoils are considered in the current work. 
The well-known method for low drag of airfoils is a long range of laminar boundary layer on 
the upper and lower surfaces. At the medium Reynolds numbers the transition from the 
laminar to the turbulent boundary layer occurs through laminar separation bubble mechanism. 
In this case it is very important the exact prediction of transition location during design 
process of airfoil. Several codes use several transition prediction methods. In this work was 
used the individual frequencies en method implemented in the two codes MSES [1] and 
BUBBE [2]. This method is most exact but requires more computational resources.  
The early laminar airfoils were very sensitive to the leading edge contamination: an abrupt 
decrease of lift and accompanying increase of drag. The modern laminar airfoils do not have 
this disadvantage, because at the maximum lift of the smooth airfoil the free transition on the 
upper side occurs near the leading edge [3]. In this work an additional criterion was used: no 
or very small turbulent separation area at the trailing edge on the airfoil with forced transition 
near the leading edge in the low drag bucket of the airfoil with free transition. This additional 
criterion minimises growth of the drag when transition is forced near the leading edge. 
The research, airfoil design methods and two airfoil examples are presented in this work. 
 
Experiments 
The experiments were carried out at the sailplane-manufacturing factory AB “Sportine 
Aviacija” in cooperation with the Central Aerohydrodynamic Institute (TsAGI). The goal of 
these experiments was the better understanding of flow processes at medium Reynolds 
numbers and better interpretation of calculation results. The experiments were carried out in 
the free flight and in laminar wind tunnel of TsAGI. 
AB “Sportine Aviacija” equipped the flight test laboratory on the two-seater metal sailplane 
L-13 Blanik for TsAGI. The test part of the airfoil was mount on the wing. Pressure 
distribution was measured in three sections. The loss of the impulse was measured in the 
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wake for drag estimation. The boundary layer characteristics were measured on another wing. 
The registration was performed using photo camera and liquid manometers in the fuselage. 
Later the own flight laboratory SL-2P was developed at AB Sportine Aviacija” (Fig.1). The 
equipment on the top was similar to the one of the Super Janus DLR, Germany. The lift and 
pitch moment of the airfoil was estimated from the pressure distribution. The drag was 
estimated from the wake measurement. The liquid manometers and photo camera were in the 
right fuselage. The pilot and experimenter were sitting in the left fuselage. 
 

 
 

Figure 1. Flying airfoil testbed SL-2P 
 
The same airfoil model was tested with the flight laboratory and also in the wind tunnel of 
TsAGI [4]. The comparison of measurements from free flight and wind tunnel is presented in 
Fig. 2. The congruence of this comparison is very good. 
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Figure 2. Measured pressure distribution of airfoil FX67-K-170  

at α = 0 deg and Re = 0,8 × 106 
 
The pressure distribution on the upper side of the airfoil between 65% and 70% clearly shows 
the existence of laminar separation bubble (Fig. 2). Laminar separation bubbles occur, if the 
laminar boundary layer separates from the surface. Due to the destabilizing effects of the 
shear layers velocity profiles with an inflection point the laminar shear layer rapidly becomes 
unstable and transition occurs. Next the turbulent shear layer reattaches, thus forming a 
bubble. The laminar part of the bubble is characterised by nearly constant pressure and the 
turbulent part by a very steep pressure rise. The size of the laminar separation bubble is 
related to the stability of the laminar boundary layer, which in turn depends on Reynolds 
number and velocity gradient. By increasing the Reynolds number transition is moving 
forward and the size of the bubble decreases. 
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The Corner in the pressure distribution corresponds to the laminar-turbulent transition. It is 
very important, that the transition location is the same from the free light experiment and from 
wind tunnel experiment. 

 

 
 

Figure 3. Measured and calculated pressure distribution of airfoil FX67-K-170  
at α = 1 deg and Re = 0,8 × 106 

 
Fig. 3 shows the comparison of measured and calculated (XFOIL code [5]) pressure distribution 
of airfoil FX67-K-170 at angle of attack α = 1 deg and Reynolds number Re = 0,8 × 106. The 
congruence is also very good except the position of laminar-turbulent transition on the lower side. 

 
Airfoil Design 
Using the experience from experiments some wing airfoils were designed through the several 
design and analysis codes: the R. Eppler code [6], XFOIL [5] and MSES [1]. First, R. Eppler 
multipoint conformal mapping method was used for the design. The new airfoil that appeared 
to meet the performance objectives was then analysed using Eppler analysis method and then 
XFOIL code. 

 
Figure 4. Airfoil shape and inviscid pressure distribution at α = 5 deg relative  

to the zero lift line 
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If at any point the candidate airfoil failed to meet the design goals, the experience gained was 
used to redesign the airfoil to more closely match the desired performance objectives. This 
iterative process was continued until a successful airfoil was designed. 
Fig. 4 shows one example: a flapped wing section for the high performance sailplane and the 
pressure distribution with the flap in zero position. Laminar-turbulent transition on the lower 
side is fixed at 78%, laminar-turbulent transition on the upper side is free. 
The laminar-turbulent transition on the upper side was predicted using several methods: 
R. Eppler empirical criterion [7], simplified en envelope method (XFOIL, MSES) and 
individual frequencies en method (MSES). 

 
Figure 5. The ratio of amplification in the laminar boundary layer of airfoil LAP92-131/15  

at α = 3,5 and Re = 1 × 106 

Fig. 5 shows the comparison of the en envelope method and individual frequencies en method for the 
airfoil LAP92-131/15 at α = 3,5 and Re = 1 × 106. The standard transition prediction in XFOIL and 
MSES is performed using the envelope en method. Thick lines correspond to the envelope of 
disturbance amplification ratio. Thin lines correspond to different frequencies of disturbance. The 
user of XFOIL and MSES should prescribe the critical value nkrit. This is always a problem. The 
information about the ratio of amplification of separate frequencies helps in this case. 

 
Figure 6. Characteristics of the airfoil LAP92-131/15 
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Fig. 6 shows the data of the airfoil at the different flap positions. In the left part the Cl-Cd curves 
are presented, the middle part shows the lift curves, the right part shows transition location versus 
lift coefficient. The free transition on the upper side is near the leading edge at the maximum lift. 
It means that maximum lift is not sensitive to the leading edge contamination. 
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Figure 7. Polar comparison of the airfoils LAP92-131/15 and FX67-K-170 at Re=106. Solid lines: free 

transition on the upper side. Dashed lines: fixed transition at 0,05 of chord on the upper side 
 

Fig. 7 shows polar comparison of the airfoils LAP92-131/15 and FX67-K-170 at Re=106. 
Solid lines correspond to free transition on the upper side. Dashed lines correspond to fixed 
transition at 0,05 of chord on the upper side. The drag of the airfoil LAP92-131/15 is less in 
both cases. The maximum lift of airfoil LAP92-131/15 with free transition is less than of 
airfoil FX67-K-170. But if the transition is fixed at 0,05 of chord on the upper side, the 
maximum lift of airfoil LAP92-131/15 remains the same and maximum lift of airfoil FX67-
K-170 drops down. 

 
 

Figure 8. Airfoil shape and inviscid pressure distribution at α = 10 deg relative to the zero lift line 

Second example is airfoil LAP00-137 for primary glider application [8]. Fig.8 shows the 
airfoil form and pressure distribution. Fig. 9 shows the CL-CD curves of this airfoil.  
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Figure 9. Calculated characteristics of the airfoil LAP00-137 at Re=106. Solid lines correspond to free transition 
on the upper side.  Dashed lines: fixed transition at 0,05 of chord on the upper side 

 

The maximum lift of airfoil LAP00-137 is not sensitive to leading edge contamination. The 
shape of this airfoil is convex, except 0.1 of chord on the upper side at the trailing edge. The 
convex shape of airfoil is better for the homebuilding. 

 
Conclusions 
It is shown, that the usage of exact method for transition prediction allows achieving less drag 
of airfoils at medium Reynolds numbers. An additional criterion for low area of separated 
turbulent boundary layer near trailing edge on the disturbed airfoil warrants small rise of drag. 
The presented examples show that low drag and low sensitivity to the contamination is 
simultaneously possible. 
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Abstract 
The behavior of fuselage splice joints containing multi-site fatigue damage and corrosion is investigated. The 
objectives of this paper is to develop probabilistic analysis methodology that allows to calculate the probability 
of fatigue failure as function of specified interval between inspections and to make comparison of the cases when 
there is and there is not corrosion. As initial information the results of fatigue test of specimens of special type 
are used [1]. By the use of this information parameters of the stochastic damage growth model were estimated. 
The probability of failure at the specified number of inspections at the fixed specified life was calculated by the 
use of Monte Carlo method and related formulas. It was shown that if the specified life is very large then 
relatively large probability of failure is nearly the same for both cases when there is and there is not corrosion. 
But if the specified life is relatively small then corrosion increases the probability of failure at the same number 
of inspection very significantly. 
Key words: Fatigue Crack Growth, Corrosion Medium, Failure Probability and Interval Between Inspections 

 
1. Introduction 
Fatigue crack growth analysis in the presence of corrosion is an important subject as shown in 
Figure1 because it can degrade the structural integrity and damage tolerance of fatigue critical 
structural components in aging aircrafts. Multiple site fatigue damage (MSD) in a longitudinal 
skin splice has been recognized as a major airworthiness problem. It had a very significant 
influence in Aloha B-737 incident in 1988. 
 

 
 

Figure 1. Illustration of a corroded longitudinal fuselage splice from a retired 727: (a) white corrosion product 
on faying surface, (b) corrosion pillowing detected by D Sight 

For fleet management it is important to know the effects of corrosion in normal service on the 
durability and damage tolerance (DADT) characteristics of the fuselage. The DADT 
characteristic of any structure are defined by the crack initiation and growth patterns, the 
critical crack scenarios that could develop and the number of load cycles it takes for cracks to 
become detectable and then grow to a critical condition. 
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2. Test Program 
The MSD concept is illustrated by the generic lap splice version of the specimen shown in 
Figure 2. A finite element model of the loop stress distribution in specimens is also shown. 
The concept is the use of bonded side straps to simulate the load transfer from cracked areas 
to surrounding structure that occurs on aircraft. The specimen shown is a 25.4 cm (10 in) wide 
version designed to be representative of the longitudinal fuselage splices in some narrow body 
transport aircraft. The splice in the generic specimen comprises two sheets of 1.0 mm (0.04 
in) thick 2024-T3 Alclad held by three rows of 4 mm (5/32 in) diameter 20177-T4 rivets 
(MS20426AD5-5) without adhesive, paint or sealant. The rivet geometry results in a knife-
edge countersink. 
 

 
Figure 2. Illustration of MSD specimen (a) bonded doubler, (b) with a hoop stress distribution at faying surface 

by finite element prediction 

The average cycle number for the final failure for the corroded specimens is 207640 cycles. 
As shown in Figure 3, the corrosion damage in this MSD specimen (average thickness loss of 
between 5% and 6%) was compared with the damage in a section of splice from a Boeing 727 
aircraft, shown in Figure 1, which was naturally corroded to a comparable level during 48,665 
flights over 24 years. So 1 flight is approximately equivalent to 4.266 cycles. 
 

 
Figure 3. MSD specimen corroded to 5% to 6% average thickness loss: (a) countersunk sheet with corrosion 

product still in place; (b) close-up near hole with corrosion product removed 
 

The combination of corrosion and fatigue assumes that corrosion/fatigue interactions occurs 
only in the context of pre-existing corrosion and in a dry splice. This is a reasonable 
approximation for two reasons. First, teardown of aircraft splices and evidence indicates that 
substantial corrosion often exists without any associated fatigue cracking. Second, the highest 
in-service loads occur when any moisture in the splice is likely to have frozen. 

There are altogether nine MSD specimens out of which five are non-corroded and four are 
relatively heavily corroded. They all are fatigue tested. These specimens are listed in Table 1 
along with their respective fatigue life at visible crack detection, first link up and final failure. 
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Table 1. Fatigue life of MSD Specimen 
Fatigue Life (Cycles) 

Specimen # 1st observed 1st Linkup Final 
failure 

Cgc-f38 387500 491711 501933 
Cgc-f46 314000 398908 403718 
Cgc-f51 304001 381378 392591 
Cgc-f60 290000 368650 378754 

Non-
corroded 

Cgc-f61 368500 473397 481353 
                                                               Average Final Failure 431670 

Cgc-cf34 160001  222450 
Cgc-cf43 144000  189074 
Cgc-cf45 104107  177129 

Corroded to 
5%-6% 

level 
Cgc-cf58 142000  241909 

                                                             Average Final Failure 207640 

  
3. Failure Characteristics 
A significant difference was noticed in the behavior of the MSD specimen with and without 
corrosion. The visible crack were observed to start in different scenarios and there were 
distinct differences in load cycles to first observed cracks, which are shown in Table 1. The 
five non-corroded specimens showed visible cracks at between 2.9 and 3.88 * 105 cycles and 
failed at between 3.79 and 5.02 * 105 cycles. The statistical dispersion of visible crack 
detection and growth damage accumulation is large, which is a typical phenomenon of MSD 
specimens. The load cycles to visible crack detection of the non-corroded specimens 
represented 70% to 80% of their total fatigue life and similar behavior was observed in the 
corroded specimen. The observed reduction due to corrosion in the mean cycles to visible 
crack detection was 59% for the specimens corroded to the 5% to 6% level. 

In non-corroded specimens the crack grew with increasing load cycles from the central holes 
outward forming a pattern of multi-site damage as shown in Figure 4. Changes in gross failure 
modes were observed in the corroded specimens with the 5% to 6% level. The two dominant 
failure modes in corroded specimen are: (i) non-uniform MSD – one crack developed from 
only one site – at the rivet locations in the upper row and (ii) fatigue cracking at one or more 
sites in the inner (driven) sheet 5.08 to 7.62 mm (0.2 to 0.3 in) below the lower rivet row. 
 

 
Figure 4. Typical MSD growth pattern in a non-corroded specimen 

 

MSD tends to develop in clusters within the boundaries of a frame-bay. Similarly the linkup of 
MSD and the formation of a lead crack also tend to occur initially within a frame-bay for this 
curves that record the sum of all individual crack lengths at any given time. The crack length at 
a rivet hole is measured from the edge of the drilled hole. For cracks that developed away from 
the rivet rows, as in some corroded specimens the aggregate crack length is taken as the total tip 
to tip crack length. Where there were several such cracks in a specimen in an interacting MSD 
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formation, overlapping cracks were regarded as linked cracks. The test data for the crack growth 
history of the two specimen groups are shown in Figure 5-6. In the non-corroded specimens, 
first linkup occurred at an aggregate crack length of about 50.8 mm (2 in). Subsequent crack 
growth was relatively fast and produced a pronounced knee in the growth curve. On the other 
hand in the corroded specimens the overall crack growth rate was relatively stable during the 
whole growth period similar to the growth progression of a single crack. 
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Figure 5. Crack growth history data of non-corroded specimens 
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Figure 6. Crack growth history data of corroded specimens at 5% - 6% level 

 

With above observation the total service life of a specimen is divided into two or three stages. 
For non-corroded specimens, the total fatigue life, Nt, is divided into three parts: life to visible 
cracks or visible damage starting life, Ns, growth life before linkup, Ng1, and growth life after 
linkup, Ng2, that follow Nt = Ns + Ng1 + Ng2. For the corroded specimens to the 5% to 6% 
level, a single stage with growth life Ns, is used for the whole growth period because of their 
relatively stable growth behavior and the total fatigue life is Nt = Ns + Ng. The visible damage 
starting life is the number of load cycles at which the first crack was observed and the total 
life of a specimen is when the final failure occurred. The growth life is the difference between 
the total life and the damage starting life Ng = Nt – Ns. 

In a modern transport aircraft, the critical length of a single longitudinal crack in a fuselage 
skin is typically in excess of the frame bays about 10.16 cm (40 in). Crack growth rates are 
high when a lead crack reaches a length of several inches. The presence of MSD in adjacent 
frame-bays could reduce the critical length of the lead crack. Therefore first the splice is 
considered to have failed when the first linkup occurs at which the length of the aggregate 
lead crack a, reaches a specific value a1k. Second the splice is considered to have failed when 
the aggregate crack length reaches a critical value acr. The specific crack length for linkup and 
the critical crack length for final failure are taken from the mean values of the crack length 
obtained fro the test data corresponding to the linkup and failure life, respectively. For 
corroded specimen, only the final failure is considered. 
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4. Damage Starting Life and Stochastic Growth Model 

4.1. Curve-Fitting of Test Data 
The test data are fitted by the help of growth function, expressed as: 

 2
1 * Ca C N=  (1) 

Where a is the aggregate crack length, N is the number of load cycles, C1 and C2 are two 
constants taken from the Table 2. 

Table 2. Constants in fitted growth curves 
Growth stage 1 Growth stage 2 Specimen # C1 C2 C1 C2 

Cgc-f38 1.39e-9 13.18 1.90e-40 57.69 
Cgc-f46 2.16e-8 13.29 1.21e-35 58.84 
Cgc-f51 5.59e-9 14.62 1.97e-30 51.30 
Cgc-f60 2.48e-8 13.93 6.60e-22 37.86 

Non-
corroded 

Cgc-f61 1.70e-10 14.92 4.52e-35 51.40 
Cgc-cf34 0.0194 6.48   
Cgc-cf43 0.0028 9.65   
Cgc-cf45 0.2412 4.44   

Corroded 
to 5% - 

6% level 
Cgc-cf58 0.0057 7.82   

 

4.2. Determination of Fatigue Crack Growth Function Parameters 
It is assumed that fatigue crack rate of some items of airframe is defined by Paris’s formula 
[2]: 

 ( ) 2
mmda C K Q a

dt
= ∆ = ∗  (2) 

a – size of a crack 
t – service time 

Where 

 ( )( )max min
m

Q C λ σ σ π= −   (3) 

C,m – crack growth function parameters 
λ - takes into account the width of the panel, influence of stringers 
σmax , σmin – maximum and minimum stress in a flight 

The solution of this differential equation for m≠2 is: 

 ( ) ( ) ( )( )( )
1

1a t a o a o Qt
µ µµ= −   (4) 

Where,  2 1mµ = −   (5) 

µ – depends on the material characteristics 

 ( ) ( )( )1
1 n na o Qt a

µµµ −= +  (6) 

a(0) – equivalent beginning size of a crack 
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Residual strength 

 ( ) ( )p ct K a tσ λ π=  (7) 

Kc – critical value of stress intensity factor 

Lets investigate the results of data processing for crack growth during fatigue experiments. 
Transferring to logarithm scale and putting new designation, we will accept following form of 
description of crack growth speed. 

 y = ln(da/dt) = lnQ + m/2*lna = b0 + b1*x  (8) 

Where,  b0 = lnQ, b1 = m/2  (9) 

Then sequence {(ai, ti), I=1,…., n} transmits to sequence (yi , xi), I = {1,….,n-1}, where: 

 xi = ln((ai+1 + ai)/2);  (10) 

 yi = ln (∆a/∆t)I = ln ((ai+1 – ai)/ (ti+1 – ti)),  (11) 

Parameters b0, b1 can be found using least – squares method by formulas: 

 
( )

( )
1 22

xy x y
b

x x

− ⋅
=

 − 
 

  (12) 

 b1 = y-b1*x  (13) 

Where: (xi,yi), I={1,..,n} 

Using the evaluation of parameters b0,b1 can be found estimations: 

 Q =exp(b0), m = 2b1, C =Q/(λ(σmax - σmin)*√π)m  (14) 

After finding the estimation parameters Q, m, a(0) for both the non-corroded and corroded 
specimens, we get their statistical analysis with the help of Excel. 

Examples of Relevant curves a(t) and σp(t) are shown in Figures 7-8. 

 

  
Figure 7. Fatigue crack growth and loss of 
residual strength (FCG&RS) for corroded 

specimen. 

Figure 8. Fatigue crack growth and loss of of 
residual strength (FCG&RS) for non-corroded 

specimen. 
 

Results of processing four fatigue crack growth data for corroded specimens at 5%-6% level 
are given in Table 3. 
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Table 3. Fatigue crack growth parameters for corroded specimens at 5%-6% level 
Serial No. Specimen # µ bo = ln Q a(0) 

1. Cgc-cf34 -0.15424 -9.75393 2.37E-19 
2. Cgc-cf43 -0.10353 -9.52048 1.48E-27 
3. Cgc-cf45 -0.22511 -9.61464 4.51E-13 
4. Cgc-cf58 -0.12758 -9.70537 1.63E-18 

Average -0.15262 -9.6486 1.13E-13 
Standard Deviation 0.052581 0.103096 2.26E-13 

 
Results of processing five fatigue crack growth data for non-corroded specimens are given in 
Table 4. 

Table 4. Fatigue crack growth parameters for non-corroded specimens 
Serial No. Specimen # µ bo = ln Q a(0) 

1. Cgc-f38 0.432273 -11.2323 0.079004 
2. Cgc-f46 0.44934 -11.0738 0.091935 
3. Cgc-f51 0.334914 -10.6355 0.02707 
4. Cgc-f60 0.249426 -10.5026 0.014186 
5. Cgc-f61 0.322694 -10.7252 0.018577 

Average 0.35773 -10.8339 0.046155 
Standard Deviation 0.082805 0.307091 0.036475 

 

4.3. Simulation of a Process of Fatigue Crack Inspection  
It is assumed that some inspection technology is characterized by two values: ad and wi; ad - 
the minimum size of a detectable crack and w – is interpreted as probability that the earlier 
scheduled inspection will be made with required accuracy. Service time when crack becomes 
detectable td and service time to fatigue failure tf are defined below: 

 d
d

Ct
Q

=  f
f

C
t

Q
=   (15) 

we consider, that td and tf are functions of random variable Q. 

Cd – constant for both non-corroded and corroded specimens. 

 

( )

( )( )

1
d

d

a o
a

C
a o

µ

µ
µ

 
−  

 =   (16) 

where ad is equal to 20 mm. 
Cf – constant for non-corroded specimens 

 

( )

( )

2

2
max

1
c

f

a o
K

C
a o

µ

µ

σ π

µ

 
 
 −  
  
 =    µ - positive  (17) 

Cf – constant for corroded specimens 

 
( )( ) ( )( )2

max 1c
f

K a o
C

γ γ
σ π

γ

 ∗ − 
=  

 
 

 µ - negative. (18) 
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Bar chart of crack undetectable and crack detectable time periods (CUCDTP) in both cases 
are shown in Figures 9-10. 
 

  

Figure 9. Bar chart of CUCDTP for the 
corroded specimens at 5% and 6% level.   

Figure 10. Bar chart of CUCDTP for the non-
corroded specimens.  

 

4.4. Interval between Inspection and Estimation Fatigue Failure Probability 

 
( )1

SLt
n

∆ =
+

   (19) 

where tSL – specified life of an aircraft 
n – number of inspections. 

If we use Monte Carlo method then the failure probability in the interval (tn, tp)j with rj 
inspections on the j-th airplane is defined by formula: 

 ( )1 1 jr
f jp w

∧
= −   (20) 

w – is a probability that planned inspection will be made with required accuracy 

Estimation of mean Pf for N airplanes: 

 1
1

1 N

f f j
j

p P
N

∧

=

= ∑   (21) 

Relevant curves Pf = Pf (∆) are shown in Figures 11-14 

  
Figure 11. Failure probability for the corroded 

speciemn with specified life = 730000 cycles 
Figure 12. Failure probability for the non-corroded 

speciemn with specified life = 730000 cycles 
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Figure 13. Failure probability for the corroded 

speciemn with specified life = 250000 cycles 
Figure 14. Failure probability for the non-corroded 

speciemn with specified life = 250000 cycles 
 

Failure can happen in any interval (0,t1), (t1, t2), …, (tn-1, tn), (tn, tn+1). The probability that the 
visual fatigue crack appears in the interval and conditional probability that simultaneously the 
critical time Tf will be less than ti [3]: 
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In which θ0, θ1 are mean and standard deviation of lnQ. We suppose the normal distribution 
of lnQ. If we assume that the α is random variable also and use the denotation Pi

*as a function 
of α then in order to get the mean value of Pi

* we have to do integration. 
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And finally the failure probability is defined in the following way: 

 
1

n

i
i

p p∗ ∗

=

= ∑    (27) 

After we have got function Pf = Pf (n), we can choose n (number of inspections) for allowable 
failure probability as shown in Figure 15-18.  
 

  
Figure 15. Failure probability for the corroded 

speciemn with specified life = 730000 cycles 
Figure 16. Failure probability for the non-corroded 

speciemn with specified life = 730000 cycles 
 
 
 

  
Figure 17. Failure probability for the corroded 

speciemn with specified life = 250000 cycles 
Figure 18. Failure probability for the non-corroded 

speciemn with specified life = 250000 cycles 
 

In the following Table 5., we observe the probability of failure (Pf) for different specified 
lives (SL). We see that for very large SL (171120 flights) 14 inspections (n=14) give 
comparable value of Pf and in this case there are not significant difference between corroded 
and non-corroded specimens. But the difference is very significant for relatively small SL 
(58603 flights): for 8 inspections Pf is equal to 0.127 for corroded and Pf is equal to 0.00129 
for non-corroded specimens. 

Table 5. Influence of corrosion on the required number of inspections 
Corroded Specimens Non – Corroded Specimens Cycles Flights Pf n Pf n 

730000 171120 0.49 14 0.71 14 
250000 58603 0.127 8 0.00129 8 
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5. Conclusions 
1. If the specified life is 730000 cycles (171120 flights) then probability of failure is 

unacceptably large for both cases when there is and there is not corrosion even for inspection 
number n=14. 

2. If the specified life is relatively small that is 250000 cycles (58603 flights) than 
corrosion increases the probability of failure at the same number of inspections very 
significantly. 
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Abstract 
Mathematical models revealing the ideal structural homogeneity of asphalt concrete, shown by uniform 
distribution of its mineral components (coarse aggregate, fine aggregate, filler) and bitumen, are presented. The 
asphalt concrete structure is proposed to be investigated as a whole of three levels (asphalt binder,  asphalt 
mastic, asphalt concrete mixture) of incomplete, optimal and smallest structural elements of the structure, 
consisting of grains of various diameters as well as adhesive films of oriented and volumetric bitumen. It is 
demonstrated that it is not always possible to produce an asphalt concrete mixture conforming to the project 
composition and standard physical-mechanical parameters due to technological errors. Mathematical models, 
showing technological factors and their impact on the quantity of components in the mixture, were constructed 
based on the factual homogeneity of asphalt concrete mixture identified by statistical methods. The additive 
model consists of variance, which depend on the stability of the used aggregate grading, their dosing errors and 
the quality of mixing. Average variance of mineral components‘ quantities in the produced asphalt concrete 
mixture as well as the impact in per cent of comprising technological factors were calculated from experimental 
data. The most important trends of technology upgrading, the practical application of which may considerably 
improve the quality of asphalt concrete mixture production were substantiated. 
Keywords: asphalt concrete mixture, production technology, homogeneity, mathematical simulation 

 
1. Introduction 
In European and countries of other continents as well as Lithuania mixtures produced with 
organic binder for laid elastic road pavement have been used widely. The quality of asphalt 
concrete and other bitumen mixtures is not always high; therefore, the service life of 
pavement set up of these mixtures is short-term. If the dependability and service life of the 
roads of national significance were increased, the efficiency of the road transport system 
would be improved and construction, reconstruction, repair and maintenance works’ costs 
would be reduced. 

When integrating into the EU and accessing NATO, the Lithuanian road network and its 
technical parameters should be appoximated to the world standards and comply not only with 
the current needs but with the rapidly increasing number of cars as well as fast, safe, and 
convenient international communication level. Therefore, the conditions of the roads in the 
country shall be improved, and their asphalt pavement shall conform to the quality indicators 
meeting the increasing traffic of heavy vehicles and cars. 

Studies were conducted to identify how asphalt concrete functions in the road pavement when it is 
influenced by climatic conditions and loads of vehicle wheels, how characteristics of materials 
used for its production and structure change. The most important findings were published in the 
United Kingdom [1, 2], USA [3], Canada [4], Russia [5,6], as well as other countries.  

Lithuanian researchers have been working in the field of increasing the durability of asphalt 
concrete pavement as well [7−9]. Data received from research show that characteristics, 
structure, and insufficient durability of asphalt concrete depend on the quality of the asphalt 
concrete mixture used. Therefore, thorough investigations have been carried out. The strength 
of asphalt concrete is influenced not only by external and internal factors, road pavement base 
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structure, the thickness of layers, but also by the mixture characteristics which are formed 
when producing it in a plant. 
The influence of stochastic parameters of the process of asphalt concrete production on the 
product  quality in the mixing plant of the old type was studied by S. Rokas [10] and V. A. 
Borisov [11] in 1975−77. These researchers as well as their disciples identified the actual 
values of materials characteristics and technological parameters of asphalt concrete mixture 
(ACM) production and its composition as well as deviations from physical-mechanical 
indices. They proved that the values of deviations shall be reduced and actual deviations shall 
be taken into account when handling the technological process of ACM. However, the 
technological causes influencing  the quality of ACM production due to the complexity of 
special experiments requiring to interfere with the process of production and produce some 
products of a bad quality as well as a lack of theoretical knowledge have not been studied 
thoroughly yet. 
Designers and manufacturers of asphalt concrete mixing plants (ACMP) shall know how old 
and new equipment functions (if the products produced in them suit for road pavement 
construction). The construction of new computerized ACMP differs from the older 
equipment; however, the most technological processes applying in them have the same 
kinetics and are the same in essence. Different systems of parameters’ control and handling, 
the effectiveness of which depends on the operators’ work, are used in them. The latest 
research shows [12,13] that the technological process of ACM production  should be 
improved since it means  improving the quality of the product. 
 
2. The Condition of Asphalt Concrete Paved Roads and Causes Influencing it 
Rapid increase of the number, mass, driving speed of vehicles and stricter requirements of 
road transport negative impact (accident rate, air pollution) improves not only the road 
network but also road technical parameters. In the last 40 years, the length of Lithuanian roads 
has increased from 38 700 km in 1960 to 76 600 km in 2002. The specific weight of paved 
roads has increased even three times: from 30,7% to 91,3%. However, the length of state 
roads did not increase last year and made up 21 312,6 km. The specific weight of roads with 
improved pavement made up 56,7%.  
In Lithuania as well as other countries in the world road pavement is set up from hot mixtures 
produced with organic binder, which enables to pave and compact strong conglomerant single 
or double-layer system. The Lithuanian roads of national significance are paved with asphalt 
concrete: 56,18%, cement concrete: 0,40%, gravel: 43,31% and cobble-stone: 0,11%. Such 
ratio in per cent of the road pavement distribution shows that ACM has become the most 
important material in their construction. To implement the gravel road paving programme, to 
reconstruct, regenerate, repair and maintain exploited roads, each year 2-3 million tons of 
ACM has to be produced, which costs approximately 350-500 million Litas. 
The data of research carried out by the Transport and Road Research Institute each year 
shows that the road strength index of Lithuanian main and national roads stI  has decreased by 
12% on average from 1992 to 2000. The main roads deteriorate slowlier ( stI  decreased from 
1,00 to 0,93) than national roads ( stI  decreased from 1,00 to 0,85), and this dynamics is 
approved by the research carried out by us. 
The rapidly decreasing road strength index and the increasing pavement defects (cracks, 
plastic deformations, defects due to bitumen, surface wear) are influenced not only by the 
increasing traffic of heavy vehicles, but also by the insufficient quality of ACM used for 
paving. The types of technological equipment of ACM production used at the end of 40s, at 
the end of 50s and the beginning of 50s, have consuderably changed. Asphalt concrete 
mixture plant construction has changed; they have become more efficient and universal, the 
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adjusted mixture production technology has improved, and separate dosing (batching) 
operations and the whole production process has been automated and later computerized.  
ACM quality assessment investigators noted that the selected optimal materials’ mass ratio 
selected in laboratory research is not complied with in large-scale production. It is suggested 
to control and manage ACM quality through the application of methods of mathematical 
statistics [14] enabling to verify its characteristics more precisely. However, technological 
causes influencing on the variance of the produced component quantity and the impact of 
factors were not investigated thouroughly. 

 
3. Models of Asphalt Concrete and its Mixture‘s Ideal Structural 

Homogeneity 
When analyzing the homogeneity of ACM, it is divided into the smallest structural elements 
(SSE). The smallest structural element SSEABM  of asphalt binding material (ABM) of the 
first level is made up of one particle of fillers ( )1F  with protective films of oriented ( )oFB  

and volumetric ( )vFB  bitumen: 

 1SSE oF vFABM F B B= + + . (1) 

The smallest structural element SSEAM  of the second level asphalt mastic (AM) is made up of 
one fine aggregate particle ( )1FA  with the protective films of oriented ( )oFAB  and volumetric 

( )vFAB  bitumen and evenly laid out related optn  SSEABM : 

 1
1

optn

SSE oFA vFA SSE i
i

AM FA B B ABM
=

= + + + ∑ . (2) 

The smallest structural element SSEACM  of the third level asphalt concrete mixture (ACM) is 
made up of one coarse aggregate particle ( )1CA  with protective films of oriented ( )oCAB  and 

volumetric ( )vCAB  bitumen and evenly laid out related '
optn  SSEAM : 

 
'

1
1

optn

SSE oCA vCA SSE i
i

ACM CA B B AM
=

= + + + ∑ . (3) 

Having arranged SSE  of all three levels next to each other technologically when their number 
approximates to infinity, we obtain ,ABM AM  and ACM , the structure of which is 
demonstrated through the following mathematical models: 
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If the quantity of SSE component of any level is less than the average mass (volume) 
specified in the composition design, such SSE is incomplete and, if the quantity is larger, it is 
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satiated. In the produced, the quantity of ACM incomplete and satiated ABM, AM and ACM, 
SSE shall be as little as possible since it is the most important technological process strategy 
of ACM production, enabling the road pavement to use homogeneous production maximally. 

 
4. Statistical Criteria of Asphalt Concrete Mixture Production Quality 
The charateristics of produced ACM are influenced by the characteristics of used materials, 
the quality of composition design and technological factors of ACMP production. The 
parameters of ACM production technological factors shall enable to produce ACM, the 
composition and physical-mechanical indicators of which shall not differ from the project and 
standard values. The quality of ACM production shows how to meet this requirement. ACM 
production quality is the wholeness of ACM production technological process characteristics 
which influence on the compliance of the process parameters and its results with the set 
requirements. 

Physical-mechanical indicators show the optimum, lay-out rationallity, adhesion, interaction 
of hard, liquid and gas phases as well as a capability to resist climatic factors and transport 
loads of the produced and used ACM components‘ quantity. Some of their values are standard 
and have two (lower LT  and upper UT ) permitted values (residual porosity bitT , Marshall flow 
PM ), only one lower LT  (Marshall stability SM , the ratio of stability and flow TM , 
compaction coefficient stK ) or upper UT  (swelling H - non-standardized).  

Deviations from ACM composition (the quantity of components in it) or physical-mechanical 
indicators from optimal values are shown by the role of population mean 0µ  in terms of 
design and norms as well as width 02tσ of its separate values‘ dispersion around 0µ  ( t − 
coefficient of significance, depending on the accepted probability and the number of 
experiments, 0σ  − population standard deviation in the given period). 

The data obtained from our and other authors‘ research showed that ACM component 
quantity and physical-mechanical indicators distribute according to the normal (Gauss) law. 
When improving ACM quality according to the indicator of normal distribution of its 
characteristics during the minimal short time (from 0t  to 1t ), population mean 0µ  is replaced 
by value 1µ , and value 0σ  of its dispresion width shall be reduced to 1σ  (Fig. 1). Such 
purposeful correction of ACM production technological process enables to reduce the total 
number of separate values of the indicator not complying with the requirements in the norms, 
which is aimed at through research measures.  

 
Figure 1.  The model of purposeful amendment of statistical characteristics of  AC and its mixture  

Quality  indicator value when technical specifications specify:  
a, b – upper TU  and lower  TL tolerance limits;  c – lower limit TL;  d – upper limit TU  
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5. Classical Technology Model of Asphalt Concrete Mixture Production  
ACM is produced according to different technological schemes applied in ACMP, which 
impact on the  heterogeneous connection of initial materials and intermediate products, 
distribution and segregation of theirparticles, due to which the final product with different 
characteristics is obtained. When producing it following the technological scheme (Fig. 2), 
which has become traditional, initial cold mineral materials (ICMM) are dosed uniformly, 
their cold mixture (CM) is dried, heated and dust is removed from air and gas (MRD), hot 
mixture (HM) is sieved into fractions of 3-5 (Fr1, ..., Fr5), its MRD and cold imported fillers 
(IF) dosed discretely, a mixture of finally dosed materials (FDMM) is mixed for a short time 
(GDMM), a batch of dosed bitumen is added (B) and ACM is mixed. ACM components (F, 
FA, CA, B) redistribute in the technological production process by changing the mass in per 
cent and and its stability in materials and mixtures. 

 
Figure  2.  The model of ACM components‘ variance in mineral materials and mixtures when producing it in 

asphalt concrete mixing plant according to the traditional technology 

 

Empiric data obtained through the study of initial mineral materials, intermediate mixtures 
and materials‘ grading used in seven ACMP showed that finally dosed hot fractions are 
contaminated not only with by-particles but they are heterogeneous due to the segregation in 
bin‘s sections. The main function of screening through ACMP technological sieves in most 
cases does not give a positive effect. Hot fraction (HFr) of 0-5 mm is contaminated with CA 
particles larger than 5 mm on average, 5,8ijµ = % (from 0,9% to 13,7%) and F finer than 
0,071 mm particles 9,8ijµ = % (from 6,2% to 13,4%). In hot fraction of 5-15 mm, the 
quantity of particles finer than 5 mm is 16,8ijµ = % on average (from 4,6 % to 32,8%). In 
particles finer than 5 mm, the quantity is 1, 4ijµ = % F on average (from 0,2% to 3,0 %), the 
actual quantity of which shall be known when adjusting dosing units. 
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Having used the data from 337 samples of HFr of 0-5 mm in 336 samples of HFr of 5-15 mm 
and 144 samples of cold IF grading, strong curved-linear correlation dependence is identified 
between sample mean X  and standard deviation S  of full siftings through control screens. 
Having approximated empiric data, the following regression equations are written: hot 
mineral materials of 0-5 mm fraction 

 ( )1,6986 2,478ˆ 6,07 10 100S X X−= ⋅ − ; (7) 

 hot mineral materials of 5-15 mm fraction 

 ( )1,4815 1,928ˆ 7, 28 10 100S X X−= ⋅ − ; (8) 

 cold imported filler 

 ( )1,3086 2,072ˆ 9,84 10 100S X X−= ⋅ − . (9) 

Regression curves drawn according to them (Fig. 3. Fr 0-5 mm) show that the greatest 
variance (destability) is typical of particles with the diameter of 50% mass of the total 
quantity of particles of mineral materials or mixture. This 50X = % screening through control 
screens enables to compare grading homogeneity of any aggregates: the larger 50S % is, the 
more heterogeneous material is.  

 
Figure 3.  Dependence of standard deviation S of HMM finest fractions of 0-5 mm siftings‘ mass screened 

through technological sieves of seven ACMP on arithmetic mean X  
 

The spatial distribution model (Fig. 4) of HFr 0-5 mm probabilities density dependence on X  
and Ŝ  shows the same interrelation. If j  − mineral materials‘ ( )Ŝ f X=  is known and 

ijX µ=  is accepted, standard deviation ijµσ  of any i  diamater particle can be identified from 
regression equations or graphically (any mineral component i  of ACM: F, FA, CA). 
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Figure 4.  The spatial model of probabilities‘ density function of the finest hot fraction of 0-5 mm full siftings 

screened through control screens of ACMP technological sieves 

 
6. Statistical Study of Factors Influencing ACM Homogeneity 

Complete population variance 2
iσ  of mineral component quantity in ACM lot (party) is 

calculated according to the following formula 

 2 2 2 2
i Mi Ei Tiσ σ σ σ= + + , (10) 

here 2
Miσ  − ACM i  mineral component quantity variance, which depends on the sample 

selection methodology, %, 2
Eiσ  − variance, which depends on the sample testing errors, %; 

2
Tiσ  − variance, which depends on ACM production ACMP technological operations‘ 

accuracy and stability, % . 

Variance 2
Tiσ  value mostly depends on the grading stability of mineral materials (HFr, cold IF and 

RD) used for producing ACM (value 2
. .g s ijσ ) and dosing errors (value 2

. .d e ijσ ) and the quality of 

mixing them in the batch mixer (value 2
. .b h iσ ). Its actual value in periodic ACMP producing ACM 

according to the traditional technology is calculated from the additive model (Fig. 5): 

 2 2 2
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1 1

m m

Ti g s ij d e ij
j j

σ σ σ
= =

= + +∑ ∑ 2
. .b h iσ ,      1,...,i k= , 1,...,j m=  (11) 

or extended mathematical model 
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j jmp mpj j
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Q Q
µσ µ

σ σ −

= =

   
= + +      

   
∑ ∑  (12) 

here jq  − average factual mass of j  mineral material dose, kg; ijµσ  − mass % of quantity 
standard deviation of mineral component i  quantity in j  mineral material; ijµ  − mass % of 
population mean of i  mineral component quantity in j  mineral material; qjV  − j  mineral 
material dosing error the numerical value of which is equal to the variation coefficient of its 
dose mass, %; mpQ  − average mass of batch ACM mineral part, kg.; hioσ  − quanity of i  
mineral component in ACM sample standard deviation when starting the mixing process, 
mass %; e  − base of Napierian logarithm; M  − coefficient showing the characteristics of the 
batch mixer; t  − duration of mixing the materials in a batch mixer, s. 

Having inserted average values of most frequently used arguments , , ,j ij ij qjq Vµσ µ  and mpQ  in 
the mathematical model (12), the impact in per cent of its factors on the produced ACM 
mineral part heterogeneity is estimated (Table 1).  



Transport and Telecommunication  Vol.5, N 1, 2004 

 198

 

Figure 5.  Model of conjugation of standard deviation iσ and variance 2
iσ  of asphalt concrete mixture 

 lot i-mineral component (F, FA, CA) quantity 

Table 1.  Technological factors making up calculated values of variance of ACM 
components‘ quantity and their impact in per cent 

Calculated values of separate production factors standard 
deviations Tiσ , variance 2

Tiσ  and their part in percent 
Due to instability of finally 
sieved mineral materials 
grading 

Due to dosing errors of finally 
sieved mineral materials 
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to 5 mm) 

 
35,7 

 
33,1 

 
0,1 

 
28,2 

 
2,6 

 
0,3 

 
- 

 
100 

 
100 

 
0,91/0,82 

 
0,17/0,03 

 
0,09/0,01 

 
0,18/0,03

 
0,04/0,01

 
0,74/0,541 

 
1,20/1,44 

 
0,60−1,79 

Fillers 
(particles 
smaller 

than 0,071 
mm) 

 
    57,3 

 
     2,1 

 
0,5 

 
2,2 

 
0,1 

 
37,8 

 
- 

 
100 

 
100 

 

To identify the influence of actual values of technological factors parameters of ACM 
production on the stability of of its mineral part components quantity, values of summands 
making up variance 2

Tiσ  were calculated. Values of variables mostly occurring in practice were 
used, which were obtained from studies carried out earlier [15,16]. 

When adequacy of model (12) was tested, the following values depending on concrete 
technological conditions were used: 
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• ACM under production the diameter of its largest particles is 16 mm (e g  0/16 S-V) in 
sampling action ACMP sieving the mixture of hot mineral materials into hot fraction of 
0-5 mm, 5-15 mm and 15-35 mm;  

• Two finally dosed hot fractions (Fr 0-5 mm and Fr 5-15 mm) weighed with cold imported 
filler in one bin of the dosing equipment (IF): at Fr 0-5 mm dose by adding Fr 5-15 mm 
dose, and, in the end, IF dose; 

• Mass of mineral part of ACM batch is 610mpQ =  kg, bitumen dose is equal to 40Bq =  
kg; mass of ACM batch is 650Q =  kg; 

• Equal portions of each hot fracion are used (291 kg dose Fr 0-5 mm: 47,7% and 292 kg 
dose Fr 5-15 mm 47,9% and 27 kg dose of IF: 4,4%); 

• Errors qjV  of materials dosing and quantities ijµ  of components (crushed stone, sand, and 
imported filler) in dosed mineral materials and their average standard deviations ijµσ  are 
taken from [15]. 

Values of standard deviations Tiσ  and variance 2
Tiσ  of crushed stone, sand, and imported 

filler quantity in asphalt concrete mixture, depending on technological factors of its 
production, calculated from mathematical model (12) are presented in Table 1. When 
compared with actual values 2

Tifσ  obtained during the experiment, the calculated values of 

variance 2
Ti fσ  comply with actual values: quantity of coarse aggregate 2

1 11,30Tσ = %, and 
2
1 9,86 17,53T fσ = − %; quantity of fine aggregate 2

2 8,30Tσ = %, and 2
2 9,04 17,60T fσ = − %; 

quantity of filler 2
3 1, 44Tσ = %, and 2

3 0,60 1,79%T fσ = − . Obtained data enables to state that 
the constructed model (12) is dependable and shows the influence of separate factors on the 
stability of mineral part of ACM. 
 
7. Conclusions 

1. The influence of separate factors on the stability of asphalt concrete mixture as well as 
the sequence of error transmission presented in Table 1 show that variations of coarse 
aggregate (CA) quantity in it depend on dosing errors of hot fraction 5-15 mm (57,5 %), 
stability of its grading (23,7 %) as well as stability of hot fraction 0-5 mm grading (18,7 %). 
They hardly depend on dosing errors of fraction 0-5 mm (0,1 %). Errors of dosing and 
stability of grading of imported filler does not influence on the variation CA quantity in 
asphalt concrete mixture. 

2. Stability of fine aggregate (FA) quantity in the produced asphalt concrete mixture 
mostly depends on the stability of grading of fraction 0-5 mm and fraction 5-15 mm (35,7 % 
and 33,1 %, respectively), dosing errors of fraction 0-5 mm (28,2 %). It hardly depends on 
dosing errors of fraction 5-15 mm (2,6 %) and almost does not depend on dosing errors and 
stability of grading of imported filler (0,3 % and 0,1 %,  respectively). 

3. Stability of grading of fraction 0-5 mm (57,3 %) and dosing errors of imported filler 
(37,8 %) have greatest influence on the variation of filler (F) quantity in asphalt concrete 
mixture. It hardly depends on dosing errors of fraction 0-5 mm (2,2 %) and stability of 
grading of fraction 5-15 mm (2,1 %) and almost does not depend on the stability of grading of 
imported filler (0,5 %) and dosing errors of fraction 5-15 mm (0,1 %). 

4. When values of mathematical model (12) are changed, values of variance 2
Tiσ and the 

influence in per cent of summands making it up change as well. When increasing 
homogeneity of asphalt concrete mixture composition, the parameters of those technological 
factors due to which values of variance 2

Tiσ  increase shall be improved at first. 



Transport and Telecommunication  Vol.5, N 1, 2004 

 200

References 

1. Bituminous mixtures in road construction / Edited by Robert N. Hunter. London: Thomas 
Telford, 1997. 441 p. 

2. Jones Lee. Recent developments in coating plant technology. Quarry Management, 1986, 
13, No 10, p. 25-30. 

3. G Li., Y Li., J. B Metcalf., S.-S.Pang Elastic modulus prediction of asphalt concrete. 
Journal of Materials in Civil Engineering. 1999, Aug., Vol 11, No 3, p. 236-241. 

4. M.T. Obaidat, H.R. Al-Masaeid, F.Gharaibeh, An innovative digital image analysis 
approach to quantify the percentage of voids in mineral aggregates of bituminous 
mixtures. Canadian Journal of Civil Engineering. Vol 25, No 6, 1998, p.1041-1049.  

5. G. N.Kirjukhin, V. M. Jumashev, M. B.Sokalskaja, Laying of the uniform top dressing. 
Science and engineering in road building (Наука и техника в дорожной отрасли). 
1998, No 1 (4), p. 13-15 (in Russian). 

6. G. S. Bakhtrakh, Model of estimation of the non-rigid pavement service life. Science and 
engineering in road building (Наука и техника в дорожной отрасли), 2002, No 2 (21), 
p. 17-20 (in Russian).  

7. K.Petkevičius, H. Sivilevičius, The substantiation of demanded service properties of 
highway asphalt concrete covers. Transport Engineering (Transportas). 2000, Vol XV, 
No 4, p. 184-195 (in Lithuanian). 

8. V.Puodžiukas, A.Pakalnis, Determination of seasonal factors for structural condition 
values of bituminous pavements. Journal of Civil Engineering and Management. 2002, 
Vol VIII, No 2, p. 133-137. 

9. D.Čygas, A.Laurinavičius, The main problems of using asphalt concrete mixtures for 
pavements of automobile roads in town streets. City development and road. Supplement 
of journal „Civil Engineering“ (Miesto plėtra ir keliai. Mokslo žurnalo „Statyba“ 
priedas). 2000, p. 20-26 (in Lithuanian). 

10. S.Rokas, Statistical control  of quality in road construction. (Статистический контроль 
качества в дорожном строительстве). Moscow: Transport, 1977. 152 p. (in Russian).  

11. V.A.Borisov, Technological accuracy asphalt concrete plants and methods of its 
increase. (Технологическая точность асфальтобетонных заводов и методы ее 
повышения) Saratov: Izdatelstvo Saratovskogo universiteta, 1975. 159 p. (in Russian). 

12. I. F.Bunkin, Automation of asphalt concrete production management. Summary of the 
research report presented for habilitation (Автореферат диссертации на соискание 
ученой степени доктора технических наук). Moscow.: 2002, 38 p. (in Russian). 

13. H. Sivilevičius, The  quality improvement system of asfalt concretemixture production 
technological process. Summary of the research report presented of habilitation . Vilnius: 
Technika, 2003, 37 p. 

14. D. C. Montgomery, Introduction to Statitical Quality Control. New York, Chishester, 
Brisbane, Toronto, Singapore: John Wiley and Sons, Inc. 1997. 667 p. 

15. H. Sivilevičius, Theoretical principles and experimental data to identify stability of 
asphalt concrete components in finally dosed mineral materials. Transport, 2002, Vol 
XVII, No 1, p. 19-29 (in Lithuanian). 

16. H. Sivilevičius. Influence of homogeneity of mineral materials‘ grading and dosing 
errors on the stability of asphalt concrete mixture composition // Journal of Civil 
Engineering and Management.  2003, Vol IX, No1, p. 25-35. 



Proceedings of International Conference RelStat’03 Vol.1 

 201

 
THE EFFECT OF VARIABLE RIGIDITY OF HAULAGE ROPE  

ON THE VIBRATION RATE AND RELIABILITY OF “TRAILED 
VIBRATION ROLLER – HAULAGE ROPE” SYSTEM 

 
Vilius Bartulis 

 
Vilnius Gediminas Technical University, Faculty of Transport Engineering, 

Department  of Transport Technological Equipment 
Plytines Street 27-303, LT-2016 Vilnius, Lithuania, 

Tel. +370 5 2744794,  Fax (+370 5) 2744800, E-mail: vilius@ti.vtu.lt 

 

 
Abstract 
If a slope is being compacted by a vibration roller trailed by means of a haulage rope, then the vibrations of the 
roller are transferred not only to the slope surface but to the haulage rope as well. To avoid resonant vibration 
with the natural oscillations of the system, the proper characteristics of the roller forces  should be chosen. The 
article aims to determine the effect of the roller’s parameters on its oscillations along the generating line of the 
slope. 
Keywords: reliability of vibration rollers, soil compaction by vibration 

 

One of the systems used in slope strengthening (compacting) consists of a trailed vibration 
roller connected by a haulage rope to the main machine at the top of the slope provided with a 
winch. If a roller with non-directional circular vibrations (which is suitable for such 
operations) is used, the vibration of the roller is transmitted to a haulage rope and then to  a 
basic machine. The larger the amplitude of roller vibration along the haulage rope, the higher 
the dynamic effect of the vibration roller on a basic machine and the higher the possibility of 
irregular vibration of the roller resulting in poor soil compaction. 

The oscillations along the generating line of the slope, caused by the force exerted by a trailed 
vibration roller compacting the slope are usually dampened due to the rigidity and the internal 
friction of the haulage rope of the winch. When the roll running along the generating line of 
the slope vibrates, it rises off the ground (partially or completely) at every revolution of a 
shaft, which makes it possible to assume that the rolling friction may be neglected. Therefore, 
in the present paper only the interaction between the roller and a haulage rope of the winch is 
considered in analysing the vibration of the roll along the slope. 
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Figure 1. A design scheme of a vibration roller trailed with a haulage rope on the slope 
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A design scheme presenting the above interaction is given in Fig. 1. The vibration of a roll 
along the axis x may be described by an equation: 

 ( )'' ' cos sinx m x k xc P t Q Sω α+ + = + + , (1) 

here m – mass of the vibrating parts of the roller; k – internal friction reflecting the damping 
characteristics of the rope; c – rope elasticity; P – centrifugal force of the roller causing the 
vibration; Q – gravitational force of vibrating parts of the roller; S – static force of roll 
ballasting; α  − slope angle (with respect to horizon); x – movement of the roller along the 
haulage rope; ω  − angular frequency of forced vibration of the roll; t – duration of vibration 
at the particular moment of time ( tω  – phase angle, determining the direction of centrifugal 
force P at the moment). 

The natural angular vibration frequency 0ω  of the system “vibration roller – haulage rope” 
depends on the varying rope rigidity c (due to slowly changing length of the rope plumb line 
L – Fig. 2) and on the steepness α  of the slope on which the roller works: 

 ( )2
0 / / 2c m k mω = −  (2) 

 

 

Figure 2. Variation of rope rigidity c , depending on the length of the plumb line of the rope L 
 

Since we are considering the oscillations in the plane, making angle α  with the horizon, 
while the mass vibrating in this direction is expressed as m  sinα , then the equation (2) takes 
the form: 

 ( )2
0 / sin / 2 sinc m k mω α α= − . (3) 

The vibration frequency f expressed in Hz is obtained from the angular frequency ω by using 
a well-known expression as follows: 

 / 2f ω π= . (4) 

As one can see in Fig. 3, high natural oscillation frequency of the considered “roller-rope” 
system, reaching 140 Hz is found only in a horizontal plane, when the length of the rope 
plumb line is minimal. The influence of the slope angle decreases when the length of the rope 
plumb line increases. 

When the roller remotes from the basic machine, i.e. when the length of the rope plumb line 
increases, natural vibration frequency of the system is sharply decreased, which corresponds 
to the change in rope rigidity (Fig. 2). The most effective frequency of soil compaction is 



Proceedings of International Conference RelStat’03 Vol.1 

 203

about 30…50 Hz [1,2]. With the particular values of slope angle and rope plumb line length, 
these values of the forced frequency are in a dangerous zone of the “roller-rope” system’s 
resonance. This entails the increase of oscillation frequency along the haulage rope. The 
forced frequency is considered in the following range [3]:  

 0 00,5 1,5f f f≤ ≤ . (5) 

The amplitude of forced oscillations may be expressed in the following way: 

 ( )22 2 2/ sinaX P C m kω α ω= − + . (6) 

 

Figure 3. The dependence of natural frequency of roller oscillations  0f  on the angle of the compacted surface 
f  the slope α  (AL) and the length of the rope plumb line L 

 

It is graphically represented in Fig. 4a. The influence of the slope angle gets stronger when 
the length of the plumb line increases, however, the latter factor is decisive. 

 
a b 

Figure 4. The influence of slope angle AL and length of the rope plumb line L on the amplitude of forced 
vibration of the roller along the haulage rope ax  (a), and rope deformation under the action of static 

gravitational force of the roller cx  (b) 
 

When the roller is some meters away from the pulling winch, the amplitude of roll oscillations 
along the haulage rope may reach several millimeters. The more the amplitude of forced 
oscillations exceeds rope deformation due to the action of static gravitational force of the 
roller along the axis x, the higher is the amplitude of roll oscillations. This, in turn, depends 
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on the relationship between force P causing oscillations and the static force sinQ α  [4]. The 
influence of AL and L on the rope deformation cX  under the action of the static force is 
similar to dynamic impact but is less prominent (Fig. 4b). The relationship between rope 
deformation aX under the action of the dynamic force P and cX – caused by the static 
gravitational force of the roller sinQ α , depending on the same factors, is given in Fig. 5. One 
can see that the vibration mode of the roller along the generating line of the slope expressed as 
the relationship of deformations /a cX X , largely depends on the slope angle (AL). Therefore, 
in determining force characteristics of the vibration roller for slope compaction, the impact of 
the slope angle and resolution of forces into components causing the changes in the dynamic 
characteristics of the roller should be taken into account. 
 

 

Figure 5. The relationship between the amplitude of the forced roller oscillations along the generating line of 
the slope and the static rope deformation under the action of the static force ( )ca XX / for varying slope angle 

AL and the angle of rope plumb line L 

 
Conclusions 
Under certain conditions, the trailed vibration roller of circular oscillations operating on the 
slope and connected to a pulling winch by a rope may cause a resonance of the roller 
oscillations along the haulage rope. To avoid the resonance and, therefore, irregular vibration 
of the roller reducing the reliability of the system, the forces relating to the operation of the 
roller should be properly determined. The relationships offered in the present investigation 
which take into account slope angle and the length of the plumb line of the haulage rope may 
help to achieve this. 
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