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Abstract- The stability of asphalt concrete under the effects of freezing and thawing
was studied experimentally, and the experimental test results were modelled using fuzzy
logic and statistical methods. The stability was investigated experimentally using the
Marshall and ultrasound methods. Asphalt core samples 10 cm in diameter were
alternately frozen (—20°C for 16 hr) and thawed (16°C for 8 hr) for 5, 10, 15, 20, 25, and
30 cycles to simulate daily winter conditions. The stability of asphalt concrete at the
laboratory environment temperature of 17°C was used as a reference. The results
showed that the stability of asphalt core samples exposed to freezing and thawing
increased, and this increase varied between 22.7% and 19.2% for 5- and 30-day cycles,
respectively. By using Fuzzy Logic and statistical methods, prediction models were
constituted based on freezing-thawing cycle, bitumen ratio, saturated unit volume
weight, volume of voids, air dry unit volume weight to predict the Stability of asphalt
concrete which could not be determined with experimental. The experimental results, the
fuzzy logic model, and the statistical results showed good correlations. For the stability
of asphalt core samples, the correlation coefficient was R* = 0.88 for the fuzzy logic
model and R* = 1.0 for the statistical method. Based on the results of this study, it is
clear that both the fuzzy logic and statistical methods can be used to model the stability
of asphalt concrete under various freezing and thawing conditions.
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1. INTRODUCTION

Paved roads represent a huge investment. As most surfaced roads are covered
with flexible pavement, one of the most important problems is stripping or the loss of
adhesion between the asphalt coating and the aggregate in the bituminous mixture
caused by the existence of moisture. Stripping can cause different types of distress, such
as creep, ravelling, rutting, shoving, cracking and low stability. This hot mix asphalt
(HMA) environmental damage is a material compatibility problem. If the materials are
compatible, they will form strong and long-term bonds so that the HMA will resist
stripping. However, if the mix has poor bonding, its resistance to stripping will be
reduced. In this case, the bonds should be enhanced or the material combinations should
be changed to achieve satisfactory performance. Stripping is one of the most difficult
forms of distress to identify because it can take numerous forms and is influenced by
many variables. Some of these variables are related to the HMA materials used, such as
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the aggregate, asphalt cement and anti-stripping agents. Other variables are related to
the weather conditioning, compaction, air voids, testing methods, handling and storage
conditions of additives.

Moreover, stripping is a rate process based on the viscosity—temperature
dependency of bituminous binders. In addition, stripping is a function of the surface
tension between the aggregate and bitumen [1]. Damage to highways occurs mostly on
the top layer of the roadway in the binder and erosion layers and not in the foundation
or lower layers. Damage to the binder and erosion layers generally consists of surface
cracks, deformations, wheel ruts and pot-holes. Temperature effects are the main cause
of damage to highway pavement and affect performance. It is very important to
determine the effects of increasing or decreasing temperatures to understand asphalt
concrete stability. Increasing temperature decreases the stability of asphalt concrete and
also decreases the viscosity of the bitumen. The stability of asphalt concrete determines
the performance of highway pavement. Low stability of asphalt concrete may lead to
various types of distress in the asphalt pavement [2]. The stability of asphalt concrete
pavements depends on the stiffness of the mix, the bitumen content, the softening point
and viscosity of the bitumen, the aggregate grading, construction practices, traffic and
climate conditions [3]. The influence of bitumen rheology on the low-temperature
behaviour of asphalt mixtures has been investigated in the laboratory environment [4].
The triaxial and stress relaxation tests conducted by Monismith and Secor are used as
benchmarks for determining the effectiveness of the model for predicting the
mechanical response characteristics of asphalt concrete over a wide range of
temperatures and confining pressures [5]. The effects of varying temperatures and
exposure times on the stability of asphalt concrete using destructive and non-destructive
methods were examined, and the relationship between destructive and non-destructive
methods was determined to be R* = —0.53 [6]. The ambient temperature was found to
significantly affect the stability of the asphalt concrete. Higher temperature increases
both the viscosity and the ductility of asphalt cements. As a result of this viscosity—
temperature dependency of asphalt materials, it has been suggested that the relevant
performance of HMA mixtures has a strong relationship with the mixing temperatures
in the central plant and the compaction temperatures in the field [7-16]. This has been
widely used to determine the mixing and compaction temperatures for both laboratory
experiments and field construction [17]. It has been determined that both exposure time
and environmental temperature affect the ductility of asphalt cement [18]. Increasing
viscosity and ductility decrease the stability of asphalt concrete, resulting in problems
that are considered major contributors to early or premature distress of asphalt
pavement, including segregation, numerous air voids, inadequately mixed content and a
compaction temperature that is too low [8,19-22]. On the other hand, understanding the
effects of freezing and thawing cycles on the stability of asphalt concrete is as important
as knowing the impact of increasing the temperature.

In this study, the effects of freezing/thawing cycles on the stability of asphalt
concrete were investigated. The stability and ultrasound velocity of asphalt core
samples that had been exposed to different freezing/thawing cycles were measured
experimentally. For simulation and modelling of asphalt concrete stability in different
freezing/thawing cycles, the experimental results were analysed using statistical and
fuzzy logic methods. By using fuzzy logic and statistical methods, prediction models
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were constituted based on freezing-thawing cycle, bitumen ratio, saturated unit volume
weight, volume of voids, air dry unit volume weight to predict the Marshall Stability of
asphalt concrete which could not be determined with experiment.

2. EXPERIMENTAL DETAILS

2.1. Asphalt core samples

A total of 35 asphalt core samples were used in this study. The samples were
extracted from a section of the D100-11 state highway in the city of Diizce, Turkey. The
asphalt cement used in the core samples was from the Aliaga refinery in Izmir. Of these,
5 served as a reference and the remaining 30 were separated into 6 groups of 5 samples
each for freeze/thaw cycle times of 5, 10, 15, 20, 25, and 30 days. Sample groups for the
6 different cycle times are shown in Fig. 1.

Totaly 35
asphalt core
samples
I l l l l l
(“0” Freezing “5” Freezing “10” Freezing “15” Freezing “20” Freezing “25” Freezing “30” Freezing\
thawing thawing thawing thawing thawing thawing thawing
recycle recycle recycle recycle recycle recycle recycle
(5 samples) (5 samples) (5 samples) (5 samples) (5 samples) (5 samples) (5 samples)
\_(Reference) (1" groun) (2" group) (3" groun) (4™ group) (5™ groun) (6" groun) /

Figurel. Sample groups for the 6 different cycle times.

2.2. Freezing/thawing tests

To determine the stability of asphalt core samples subjected to varying
freezing/thawing cycles, 5 of the 35 samples were selected at random and maintained at
17°C in the laboratory environment. The stability and ultrasound velocities of these 5
specimens were used as reference properties for the other 30 samples that were
subjected to cyclic freezing (—20°C for 16 hr) and thawing (16°C for 8 hr in water) to
simulate the daily winter conditions.

2.3. Extraction tests for asphalt core samples

Extraction tests were performed according to ASTM D2172 using a 3600-rpm
centrifuge extractor to determine the quantity of bitumen for all core samples [23]. In
these tests, trichloroethylene was used to decompose the bitumen from aggregates in the

core samples. The measured quantity of bitumen in the asphalt core samples was in the
range 7.31-9.71%.

2.4. Aggregate properties

One of the most important properties of aggregates used in asphalt pavements is
their resistance to freezing and thawing. The effects of freezing and thawing occur at
different levels in the various pavement layers. The aggregates used in wearing courses
must be more durable than those used in binder courses, and must not disintegrate when
frozen. The physical and mechanical properties of aggregates may be adversely affected
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by freezing and thawing. However, such adverse effects must be minimised for
aggregates used in pavement construction. The aggregates used in the wearing course
must be better than those used in other courses. Although the aggregates used in the
base, sub-base and binder courses do not have to be of high quality, the binder
aggregates must still meet certain physical and mechanical specifications. The
aggregates used in the asphalt core samples have been taken from the quarries in the
Hasanlar Dam region near Diizce, Turkey. The physical properties of the aggregates
used are summarised in Tablel.

Table 1. The physical properties of the aggregates used in asphalt core samples

Sieve analysis was performed on the aggregates and the results of sieve analysis

Dry bulk Apparent specific Absorption
Aggregate specific gravity gravity (%)
Limestone Limestone Limestone
Mineral filler 2.549 2.628 5.3
Fine aggregate 2.481 2.586 4.5
Coarse aggregate 2.427 2.575 3.2

according to the sieve number and passing ratio are given in Table 2.

Table 2. The results of sieve analysis according to the sieve number and passing ratio

Sieve no 230 120 100 80 60 40 35 18
Passing ratio (%) 333 525 584 658 808 11,33 12,63 19,79
Sieve no (continuous) 10 4 5/6” 3/8” 57 5/8” /% 17
Passing ratio (%) 32,60 59,97 72,19 77,79 87,03 94,14 98,75 100

3. MODELLING OF EXPERIMENTAL TEST RESULTS
The experimental test results showed that the stability of the asphalt core
samples exposed to different freezing and thawing cycles increased, and this increase
varied from 22.7% for the 5-day cycle to 19.2% for the 30-day cycle. The relationships
between experimental test results, statistical analysis and fuzzy logic model results
showed good correlations; the correlation coefficients for the stability of asphalt core
samples were R?=0.88 for the fuzzy logic model and R*=1.0 for the statistical method.

4. STATISTICAL ANALYSIS

Statistical analyses were performed for all of the asphalt core sample properties:
volume of voids, unit volume weight for saturated surface, unit volume weight for dry
air, environmental temperature, exposure time, bitumen percentage, flow (caving in)
and stability. The relationships between stability, ultrasound velocity and the other
characteristic properties of the asphalt core samples were determined using the SPSS
statistical software. Descriptive statistics, correlation coefficients, multi-linear
regression analysis and analysis of variance were also performed, and the results of
statistical analyses are given in Table3.
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Table 3. The results of statistical analyses

Range Min. Max. Mean SFd'. Variance
Deviation
Statistic  Statistic Statistic  Statistic  Std. Err. Statistic Statistic
Freezing-thawing 30 0 30 15,00 4,08 10,80 116,667
cycle
Marshall Stability 1011 4367 5378 4887.14 140,95 37292  139069.143
Flow (caving in) 4.62 2.05 6.67  5.1271 5514 1,4587 2.128
st
1" Ultrasound 2.28 18,40 20,68 194571 2925 7738 ,599
velocity
st
2" Ultrasound 2.58 18,72 2130 199829 3573 9454 894
velocity
Volume of voids 6,54 597 1251  9,0086 11,1304  2,9908 8.945
Saturated unit 09 2.34 243 23829 00128  0.0340 0,0011
volume weight
Air dry unit 11 2.31 242 23700 0,0149  0,0395 0,0015
volume weight
Bitumen ratio 2.57 714 971  7.9971 3277 8669 751

4.1. Relationship between stability, ultrasound velocity and other characteristic

properties for asphalt core samples
Correlation analysis was performed to determine the significance levels and the

relationships between all variables and the results are shown in Table 4.

Table 4. The relationships between all variables at 0.05 levels
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3T 2 3z 5228 2% 259
=€ » E -2 wWg 55 &2 <z n
Freezing thawing cycle 1,0 18 45,698 =53 -,28 32 37 21
Marshall Stability 18 1,00 -35 -29 ,18 -,93 -30 -28 -59
Flow A5 -35 1,0 45 -,01 ,18 ,09 171 |15
*1M Ultrasound velocity J0 =29 45 1,0 =73 ,17 80 77 -08
**znd
Ultrasound velocity -53 ,18 -01 -73 1,00 ,02 -90 -92 32
Volume of voids -28 -93 18 17 ,02 1,0 11 ,03 81
Saturated unit volume weight ,32  -30 ,09 .80 -,90 11 1,00 98 -29
Air dry unit volume weight J37  -28 17 77 -,92 ,03 98 1,00 -39
Bitumen (%) =21 -59 15 -08 32 81 -29 -39 1,00

* 1™ Ultrasound velocity is before freezing thawing
*##* 2"U]trasound velocity is after freezing thawing
The results regarding the relationship between stability and the other variables were as
follows: freezing/thawing cycle, 0.18; flow, 0.35; first ultrasound velocity before
freezing/thawing, 0.29; second ultrasound velocity after freezing/thawing, 0.18; volume
of voids, 0.93; saturated unit volume weight, 0.3; air dry unit volume weight, 0.28; and

quantity of bitumen, 0.59.
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4.2. Prediction of stability based on physical properties, ultrasound velocity and
daily freezing/thawing cycle

Multi-linear regression analysis (MLR) and analysis of variance (ANOVA) were
performed to determine the relationships between volume of voids, saturated unit
volume weight, dry air unit volume weight, ultrasound velocity, freezing/thawing cycles
and stability. A model equation was developed using MLR analysis to predict the
Marshall stability (S) based on first ultrasound velocity (x1), volume of voids (x2),
saturated unit volume weight (x3), dry air unit volume weight (x4), bitumen ratio (x5)
and freezing/thawing cycles (x6). The correlation coefficient (R) was determined to be
1.0. The results of MLR are presented in Tables 5(a), (b) and (¢).

Table5. The results of MLR
a. Model Summary

Adjusted R Std. Error of the R Square Sig. F
Model = R R Square Square Estimate Change F Change dfl df2 Change
1,000 1,000 1,000 , 1,000 , 6 0 ,

a Predictors: (Constant), Freezing-thawing cycle, Bitumen ratio, Saturated unit volume weight, volume
of voids, 1¥ Ultrasound velocity and air dry unit volume weight.

b.ANOVA
Model Sum of Squares df Mean Square F Sig.
Regression 834414,857 6 139069,143 s
1 Residual ,000 0 s
Total 834414,857 6

a Predictors: (Constant), Freezing-thawing cycle, Bitumen ratio, Saturated unit volume weight, volume
of voids, 1* Ultrasound velocity and air dry unit volume weight. b Dependent Variable: Stability

c.Coefficients

Unstandardized Standardized ¢ Sig
Model Coefficients Coefficients ’
B Std. Error Beta
(Constant) 2355,956 ,000 , ,
1™ Ultrasound velocity -99,387 ,000 -,206 .,
Volume of voids -141,012 ,000 -1,131 , ,

1 Saturated unit volume weight 16598,115 ,000 1,514 , ,
Air dry unit volume weight -14562,623 ,000 -1,546 , ,
Bitumen ratio 78,592 ,000 ,183 , ,
Freezing-thawing cycle 4,617 ,000 ,134 , ,

a Dependent Variable: Stability

S =2355.956 + 99.387x; + 141.012x, + 16598.115x;+ 14562.623x, + 78.592x5 + 4.617x,
Where; S: stability (kg), x;: first ultrasound velocity before freezing/thawing (us),
X»: volume of voids (cm’), x3: saturated unit volume weight (g/cm3 ), X4: dry air unit
volume weight (g/cm’), xs: bitumen ratio (%) and x: freezing-thawing cycle (days).
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5. MODELLING OF EXPERIMENTAL TEST RESULTS WITH THE FUZZY
LOGIC METHOD
Together with statistical analysis, fuzzy logic was applied to predict the stability
of asphalt core samples under varying freezing/thawing conditions. The fuzzy logic
method includes the fuzzy inference system (FIS), membership functions (MF), rule
editors, a rule viewer and a surface viewer.

5.1. Fuzzy inference systems (FIS)

The process of fuzzy inference involves all components of membership
functions, fuzzy logic operators and if-then rules. The two types of FIS are the
Mamdani and Sugeno types [24-26]. A Mamdani FIS was used in this study to model
the stability of asphalt concrete. The first ultrasound velocities before freezing/thawing
(x1), volume og voids (x;), saturated unit volume weight (x3), air dry unit volume
weight (x4), bitumen ratio (xs) and number of freezing-thawing cycles (x¢) were used as
inputs, and the stability of asphalt concrete and the second ultrasound velocity after
freezing-thawing cycles were used as outputs. The FIS is shown schematically in Fig2.
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Figure2. Fuzzy inference system for stability and ultrasound velocity
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5.2. Membership Functions (MF)
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The degree of membership “p” is shown for stability in Fig.3.

Membership function plots Plot points 181
FIS Variables

§2 83

z

Stability

H
3
3
L]

5

0.5 —

5

2 Uttrasound velodity

@

aturated unit volume weight

B

E

dry unit volume weight 1] T I = T T T T
4800 5000 5200 5400

output variables "Stability'

2
£
£

Figure3. Membership functions for Stability.

On the membership function graph, the y-axis value has a maximum of p=1 and
minimum of u=0 for stability and the second ultrasound velocity after freezing/thawing.
There are numbers in the range 14 on the membership function graphics for each of the
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inputs (number of freezing/thawing cycles, volume of voids, saturated unit volume
weight, air dry unit volume weight and bitumen ratio); the outputs of the fuzzy sets are
stability and 2" ultrasound velocity. Each number used in a membership function
represents a description. The descriptions and abbreviations of the membership
functions are explained. The descriptions are: 1, least; 2, little; 3, medium; and 4, high.
The abbreviated membership functions are: number of freezing-thawing cycles (FT),
volume of voids (V), saturated unit volume weight (SW), dry air unit volume weight
(AW), bitumen ratio (BR) and ultrasound velocity (UV). An example of a membership
function is “FT1”, which represents the least of the number freezing/thawing cycles.

5.3. Rule Editors, Rule Viewer and Surface Viewer

Fuzzy sets and fuzzy operators are the subjects and verbs of fuzzy logic. These
if-then rule statements are used to formulate the conditional statements that comprise
fuzzy logic. The if part of the rule is called the antecedent or premise, while the then
part of the rule, “Stability and 2™ ultrasound velocity”, is called the consequence or
conclusion. The rule editor edited the list of the rules that defined the behaviour of the
system. The viewer in Fig.4 shows which rules are active and how individual
membership function shapes influence the results.

Freezing-thawing =15 Volume of voids =9  Saturated weight = 2.38  Air dry weight = 2.38 Bitumen ratio= 8.5  Stability = 4920

L | [ | [ | [ | [ [ ]
2 ] [ | [ | [ ] [ ] = ]
3 -] [ | - | = | — ] = |
4 =] | | | =] | =] [= [ ===
5 [ ] [ | — ] — ] [ | — ]
6 ] [ ] [ ] [ ] [ ] T ]

Figure4. A part of the rule viewer used for modelling of the asphalt core stability and
2" yltrasound velocity.

In addition, the surface map was drawn to display the dependence of the stability
and 2™ ultrasound velocity on the number of freezing/thawing cycles, dry air unit
volume weight and volume of voids. The surface map shows the behaviour of the entire
system in Fig. 5-6.

Stability

L Freezing thawing cycle )
5 Freezing thawing cycle = 20

Figure5. The surface map for stability based on  pjo1106 The surface map for stability based on
the number of freezing thawing cycles and freezing thawing recycle and air dry unit
volume of voids volume weight
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The relationship between the values predicted with fuzzy logic and the
experimental test results for stability and ultrasound velocity are shown in Fig.7-8.
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Figure 7. The relationship between Figure 8. The relationship between
the values predicted with fuzzy the values predicted with fuzzy logic
logic and the experimental stability and the experimental ultrasound
test results velocity test results

6. RESULTS AND DISCUSSION

The results showed that the stability of asphalt core samples exposed to freezing
and thawing cycles increased, and this increase varied between 22.7% for a 5-day cycle
and 19.2% for a 30-day cycle. The relationships between the experimental results, the
fuzzy logic model and the statistical results showed good correlations; the correlation
coefficients for the stability of asphalt core samples were R* = 0.88 for the fuzzy logic
model and R* = 1.0 for the statistical method. The correlation between the stability and
the number of freezing/thawing cycles was 0.18. Thus, the freezing/thawing day cycle
did not affect stability. This also applied to the correlation between stability and the first
ultrasound velocity, which was —0.29. The results of this study indicated that the
ultrasound velocity decreases while the stability increases. After freezing/thawing
cycles, the correlation between the stability and the ultrasound velocity was 0.18, and
therefore the freezing/thawing process appears not to affect the ultrasound values. The
correlation between volume of voids and stability was —0.93; the volume of voids had a
marked negative effect on stability. The correlations between stability, saturated unit
volume weight and dry air unit volume weight were almost the same at —0.3. The
bitumen ratio had a negative effect on stability, with a correlation between the two of —
0.59. The stability decreased as the bitumen ratio increased under varying
freezing/thawing conditions. In addition, under different freezing/thawing conditions,
the relationship between stability and flow was —0.35; that is, as the stability increased,
the flow decreased. This result can be explained by the decrease in ductility and
increase in viscosity of the bitumen, leading to decreased fluidity and increased stability
due to the freezing/thawing cycling. The overall results indicated that an increase in
number of freezing/thawing cycles increased the stability of the asphalt core samples by
a small amount. The results also showed that the fluidity of the bitumen decreased with
exposure to freezing/thawing cycles, which decreased the ductility and increased the
viscosity.
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