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Abstract: The stiffness modulus behaviors of three different asphalt concrete specimens that are 
subjected to cyclic cooling and heating are monitored. In an attempt to identify the sole effect of 
temperature cycles and to avoid any other biasing effects such as thermal contamination that can 
possibly corrupt measurements, resonance frequency measurements of the specimens are taken using 
an automated non-contact resonance method. The resonance frequency measurements are based on the 
fundamental axially symmetric mode of vibration. A hysteretic effect is observed on the measured 
resonance frequencies of the specimens with an application of cyclic cooling and heating. Lower 
stiffness moduli are obtained during the heating phase of a complete cooling and heating cycle. The 
stiffness moduli are calculated from measured resonance frequencies of the specimens in order to 
show their relative reductions due to the hysteretic effect. This finding is particularly important since it 
enables us to observe and understand the effect of the thermal history of asphalt concrete with regards 
to the reversibility behavior of its stiffness modulus. The damping of the specimens is also calculated 
from the measured resonance frequencies at the temperatures within the applied cyclic cooling and 
heating. Their observed behavior is also discussed with respect to a presence of potential micro 
damage. 
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1. Introduction 
 

Investigation of low temperature behaviors of asphalt concrete is of major importance since asphalt 
pavements in cold regions are subjected to several months of very low temperatures each year in their 
service lives. It is believed that the excessive brittleness of asphalt, caused by increased stiffness at 
low temperatures and its inability to relax stress, lead to a buildup of thermally induced stress that is 
responsible for cracking of pavements [1, 2]. It is also conceivable that cyclic thermal variations may 
cause fatigue to asphalt concrete pavements and make them more susceptible to distress under 
proceeding thermal or traffic-induced stresses [3, 4]. This thermally induced fatigue distress can be 
manifested by a reduction in stiffness as the cyclic temperature variations continue [3]. Such a distress 
ultimately will lead to a lesser service life for asphalt concrete pavements and results in a costly 
maintenance needs. 
 
Previous studies regarding the behavior of asphalt concrete at low temperatures focus mainly on either 
determining thermal stresses or fracture temperatures. Thermal stress restrained specimen test 
(TSRST) is utilized in order to show that low temperature cracking occurs when cyclic temperature 
variations coincide with the effect of aging [5, 6].Statistically significant relations between rheological 
characteristics of bitumen and TSRST fracture temperatures of asphalt concrete were also established 
in order to show the influence of bitumen properties on low temperature performance of asphalt 
pavements [7]. Coefficient of thermal expansion/contraction and glass transition temperature were  
shown to have the most influence on the rate and trend of thermal stress build up by using asphalt 
thermal cracking analyzer (ATCA) [8] An improved and simpler apparatus (asphalt concrete cracking 
device, ACCD) has also been developed in recent studies for measuring thermal stress in asphalt 
concrete due to low temperatures and can replace TSRST [9] Bending beam creep test has been 
utilized  to evaluate the low temperature performance of asphalt mixtures and a regression analysis 



showed that bending beam rheometer (BBR) tests solely on bitumen are insufficient for 
comprehensive low temperature performance analysis [10]. 
 
The effect of isothermal low temperature conditioning or physical hardening has also been considered 
in studies of low temperature behavior of asphalt [11-13]. This time dependent behavior has an effect 
of increasing stiffness modulus of asphalt concrete due to free volume shrinkage within binder [14]  
 
In an effort to investigate the effect of low temperature isothermal conditioning on asphalt, Behnia and 
Buttlar [15] have performed X-ray computer micro-tomography on an asphalt concrete specimen that 
has been conditioned at -40oC for 2 hours. This and another related study by El Hussien and 
coworkers[16] on damage associated with low temperature depict the presence of micro-cracks at the 
aggregate-mastic interfaces as well as within the mastic portion of asphalt concrete after it has been 
subjected to low temperatures. Another approach, which has not been reflected considerably in the 
literature, explains low temperature fatigue damage as an effect of thermal cycling and thermal fatigue 
failure [3, 17]. This approach considers effects of temperature variation during the day-night 
temperature cycles and seasonal variations on asphalt pavement. 
 
Pavement temperatures tend to form cyclic variations by which they decrease during night and 
increase during the day. This can lead to an accumulation of thermal fatigue damage that has a 
potential of deteriorating the pavement [3, 17]. In most of the conventional dynamic modulus tests 
carried out to determine low temperature performance of asphalt concrete, the effects of repeated 
cyclic conditioning are not considered and that can lead to an overestimation of mechanical 
parameters. This lack of attention to the effects of repeated low temperature cycles on their behavior 
could also be one of the reasons that asphalt mixtures produced by nearly identical recipes regularly 
behave differently in the field as compared to their performances in the lab [18]. In addition, the 
majority of previous studies on low temperature behaviors concentrated mainly on characterization of 
binders rather than mixtures. Hence, there is a need of laboratory test methods that can include the 
effects of repeated cyclic temperature variations on asphalt mixtures. 
 
In this paper a new automated non-contact method of resonance frequency measurement is utilized to 
investigate effects of cooling and heating cycles on three different asphalt concrete specimens. This 
automated approach makes it possible to monitor the changes in stiffness modulus at different 
conditioning temperatures without an involvement of any other biasing effects and thermal 
disturbances. A hysteretic behavior of stiffness moduli is observed after the specimens were subjected 
to cyclic cooling and heating of a stepwise increase and decrease of temperature. This observed 
hysteretic effect is presented considering reversibility of stiffness moduli of the specimens after being 
subjected to cyclic thermal variations. A comparison of stiffness moduli in the cooling phase against 
stiffness moduli in the heating phase shows that the obtained moduli in the heating phase are lower 
than their corresponding values in the cooling phase. These relative reductions are calculated at 
temperatures of -10 oC, -20 oC and -30 oC. Damping ratios computed from measured resonance 
frequencies show increase in all the tested specimens as their temperature decreases from -30 oC to -40 
oC. This increase in damping ratios in combination with the observed stiffness reductions are also 
presented with respects to a possible presence of low temperature micro-damage.   
 

2. Material and Methodology 
 

2.1 Material 
 

Three disc shaped asphalt concrete specimens of 100mm diameter and 20mm thickness are used in 
this study. The geometry of the specimens was decided based on the general recommendation of 
length to nominal maximum aggregate size ratio of 1.5 [19] .All the three specimens were made of 
dense graded mixes specified in Swedish standard with two of them as ABT-11, and the third one as 
ABS-11. ABS mix has a relatively coarser gradation than ABT mix. Table 1 shows the mixture 
parameters of the three mixes used in this study. The description of the specimens’ aggregate 
gradation is presented in table 2. 

 



Table 1. Mixture parameters of the three mixes of specimens 
 

Mixture  
Bitumen content  

(%) 
Bitumen Penetration 

Grade 
Air Void Ratio 

(%) 

ABT-11-70/100 5.9 70/100 2.6 
ABS-11-70/100 6.4 70/100 2.2 

ABT-11-160/2200 6.4 160/220 2.1 
 

Table 2. Gradation of the three mixtures used to prepare test specimens 
Sieve size (mm) 0.063 0 .125 0.25 0.5 1 2 4 5.6 8 11.2 16 

 Passing (%)                     

ABT-11 70/100 8.7 12 18 23 28 38 53 64 79 99 100 
ABT-11 160/220 8.9 13 19 24 29 39 53 66 81 98 100 
ABS-11 70/100 9.1 12 14 17 19 23 25 29 41 94 100 
 

2.2 Automated non-contact resonance testing  
 
Common reasons of measuring the frequency response of civil engineering materials after an 
excitation include determining the natural frequencies, relevant damping and elastic or viscoelastic 
parameters. The waves in a solid generated by an external excitation source can interfere and create 
standing waves if the input can provide energy to the frequency that is equal to the solids natural 
frequency. The phenomena when the input wave frequencies equal the natural frequencies of the solid 
are called resonance. Solid materials, in which standing waves can be generated, have several 
resonance frequencies corresponding to their modes of vibration. These resonance frequencies depend 
on the elastic or viscoelastic constants, the density, the geometry and the boundary conditions of the 
material. Hence elastic/viscoelastic constants of materials can be calculated based on their measured 
resonance frequencies.  

 
The application of manual contact methods for resonance measurements has been frequently utilized 
in the field of civil engineering [20-23]. The generation of signals by these manual contact methods is 
achieved mostly by using impact hammers or steel balls. But as in the application of other NDTs in the 
field, some limitations of impact methods of resonance measurement have been encountered. These 
limitations are particularly related to coupling effects resulting lower signal to noise ratio as well as 
lack of automation [24]. These short comings have become motivations to develop non-contact 
methods of excitation for resonance testing.  
 
The method of resonance frequency measurement used in this work involves frequency response of 
asphalt concrete specimens after an automated non-contact excitation using a loud speaker. This 
automated technique principally measures the frequency response of the fundamental axially 
symmetric mode of the specimen. The test set up used in this work also facilitates taking 
measurements in a controlled environment since the specimen is kept inside an environmental 
chamber while it is being excited. In a manual measurement using an impact hammer, there are 
thermal disturbances due to the opening of the environmental chamber to perform the impact. The 
methodology and procedures for determining modulus from measured resonance frequencies has been 
described in detail in [25] and [27]. 



 

 
Figure 1. Experimental set up of the automated non-contact method of resonance frequency 

measurement 
 

An automated method of resonance measurement using a loud speaker as a source of excitation is used 
by sending out a sinusoidal signal to the asphalt concrete specimens. The test equipment includes a 
loudspeaker (Seas Prestige 17TDFC/TV H1210). The chirp function in MATLAB is used to send a 10 
s long chirp. By slowly increasing the frequency of the signal from 8 kHz to 12 kHz, a sweep is 
applied to the specimen. The test frequency range should be set to include the expected resonance 
frequency of the specimen. It is selected based on typical results or a similar trial test by using impact 
hammer on specimens of similar geometry. The output channel of a National Instruments data 
acquisition device (NI USB-6251 M series) is used to transmit the signals to the loudspeaker. A signal 
conditioner (PCB model 480B21) is used to amplify the accelerometer signal. The sampling frequency 
of the signal sweep is selected to be100 kHz. An accelerometer (PCB model 352B10) with an 
operating temperature range of -54 oC to 121 oC is attached to the samples and the data is acquired 
through the data acquisition device and output to a computer. The samples are set up inside a thermal 
chamber on soft foam to achieve free boundary conditions. The measurement control system is 
suitable for avoiding thermal disturbances that are associated with opening of the environmental 
chamber. Figure 1 shows the components of the experimental set up. Figure 2a shows an example of a 
measured dynamic response of a specimen during the frequency sweep excitation by a loud speaker. 
The corresponding frequency response function is also shown in figure 2b. 
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Figure 2. A measured dynamic response of an asphalt concrete specimen in time domain (a) and the 
corresponding frequency spectrum (b) 

 
3. Testing program for cyclic temperature applications 

 
The experiment protocol of this study is planned in such a way that effects of a decrease in 
temperature as well as repeated cycles of cooling and heating on asphalt concrete can be monitored 
The measurement of resonance frequencies of the specimens are carried out by applying 
cyclic cooling with a stepwise thermal stage. The samples are conditioned for 4 hours at every 
stage of measurement within the cycles. Figure 3 shows the test program with just two of the 
four cycles applied to each specimen. The remaining two cycles are also applied in a similar 
fashion. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Applied cyclic temperatures for resonance frequency measurements 

 
4. Stiffness modulus calculation  

 
The measured resonance frequencies are first converted to undamped natural frequencies (fn) using the 
half power bandwidth method. Stiffness modulus is determined from the geometry parameters and a 
dimensionless parameter (ωn) as in equation 1and 2. The method of determining parameter in equation 
1 from measured resonance frequencies is explained in detail in [25] and [27].    
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𝐺𝐺 = 4𝜋𝜋2𝑓𝑓𝑛𝑛2𝑅𝑅𝑜𝑜2𝜌𝜌
Ω𝑛𝑛2

 ,                              (1) 

 
where 𝑓𝑓𝑛𝑛 is the natural frequency and Ro is the radius of the specimen, ρ is its density and G is the 
shear modulus. For a specimen of specified geometric parameters and measured density, the non-
dimensional frequency parameter is obtained by performing eigenmode analysis and the stiffness 
modulus is calculated based on the procedures presented in [25,27] and equations 2 and 3.  
 
𝐸𝐸 = 2𝐺𝐺 ∗ (𝑣𝑣 + 1).                              (2) 
 
𝐸𝐸∗ =  𝐸𝐸′ +  𝑖𝑖𝐸𝐸′′ =  𝐸𝐸′(1 + 𝑖𝑖 𝜉𝜉 2� )                                                                                                        (3) 
 

𝜉𝜉 = ∆𝑓𝑓
2𝑓𝑓𝑑𝑑

                             (4) 

 
In determining complex dynamic modulus, damping is considered by using the half power bandwidth 
method where in equation 3 and 4, ξ is damping ratio, ∆𝑓𝑓 calculated from resonance frequency curve 
at 0.707 times the pick amplitude and 𝑓𝑓𝑑𝑑 is the measured damped resonance frequency. Poisson’s 
ratios of 0.25 and 0.2 are assumed for temperatures above -20 oC and for temperatures below -20 oC 
respectively based on literatures [30].                                                                                                         
 

5. Results and Discussion 
 

The experimental protocol of this study is organized to be able to investigate the effects of a decrease 
in temperature as well as repeated cycles of cooling and heating on asphalt concrete stiffness modulus. 
The method’s applicability is thoroughly investigated in [25, 31] and results showed very good 
repeatability and reproducibility. As expected the measured resonance frequencies, which are 
functions of stiffness moduli, keep increasing with a decrease in temperature. An example of 
frequency spectra from multiple temperatures is shown in figure 4. It can be noted from this result that 
the resonance curves become narrower and higher in amplitude with decrease in temperature. This is a 
manifestation of the change in the visco-elastic behavior of asphalt concrete with a decrease in 
temperature. The loss of the complex dynamic modulus becomes less and the specimens become more 
elastic with a decrease in temperature.   

 
 

Figure 4. Examples of measured resonance frequencies of an asphalt concrete sample at multiple 
temperatures 

 
The resonance frequency measurements were carried out on all the three specimens at temperatures of 
0 oC,-10 oC, -20 oC, -30 oC and -40 oC in decreasing order and consequently in reverse order forming a 
complete cooling and heating cycle. The samples were kept at each temperature for 4 hours before 
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each measurement is taken and four such cycles are applied to all the specimens. This cyclic 
measurement is denoted in this work by thermal loading (cooling) and thermal unloading (heating). 

 

 
  

 
 

Figure 5(a) Hysteretic behavior of measured resonance frequencies due to repeated applications of 
cooling and heating cycles to specimen ABT-11-70/100 and (b) Damping ratios of ABT-11-70/100 

computed from measured resonance frequencies in the first and fourth cycles and a cycle after 
specimen heating  

 
Figure 5(a) shows the behavior of measured resonance frequencies of the ABT-11-70/100 specimen 
from the four repeated cooling and heating cycles. The first cycle was applied on the sample that was 
kept at ambient temperature and was not exposed to any other form of stress or damage. In the first 
thermal unloading phase, the temperature is increased from -40 oC to the starting measurement 
temperature (0 oC) with 10oC step-wise decrement. In this phase, a noticeable reduction of the 
resonance frequencies is observed at the intermediate temperatures (-30 oC,-20 oC and -10 oC) as 
compared to the corresponding values in the thermal loading phase. 
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Figure 6. Effect of heating at 40  oC after application of repeated cycles on asphalt concrete specimen 

ABT-11-70/100 
 
It can be observed that the first cycle has less effect on the reduction of the measured resonance 
frequencies during the thermal unloading stage as compared to the proceeding cycles. Three more 
cycles were applied with the same procedure and the results indicate that all the cycles have the same 
effect of reducing modulus in the thermal unloading phase with a more significant increase in the 
second to fourth cycles. 
 
In order to see the effect of heating on the observed hysteretic behavior, the samples are heated to 40 

oC for 4 hours and allowed to cool down to ambient temperature for 24 hours. The same measurements 
as before were performed on the sample by decreasing and then increasing temperature for a full cycle. 
 
Figure 6 shows a comparison of the repeated cycles and a cycle after the sample is heated. We can 
observe that the cycle after the heating has similar behavior as the first cycle in Figure 5 in such a way 
that both cycles exhibit considerably less reductions in resonance frequencies in their corresponding 
thermal unloading phases as compared to the consequent cycles (1.05 % before heating and 1.13 % 
after heating at -20 oC; 0.7 % before heating and 1.45 % after heating at -30 oC). 
 
Stiffness moduli are computed based on the measured resonance frequencies as per the procedure 
described in section 4. An increase in the stiffness moduli is shown in Figure 7 during the thermal 
loading phase with the step-wise decrease in temperature. This is the expected behavior due to its 
viscoelastic behavior at low temperatures. However, the thermal unloading phase has shown a 
tendency of forming hysteretic loop as the temperature goes back to 0 oC. It is expected that increase in 
temperature decreases modulus. However, the moduli at the intermediate measurement temperatures (-
30 oC,-20 oC and -10 oC) decrease during the unloading phase as compared to the corresponding 
values at the same temperatures during the thermal loading phase.  
 

-40 -30 -20 -10 0
0.94

0.96

0.98

1

1.02

1.04

1.06

1.08
x 10

4

Temperature(° C)

R
es

on
an

ce
 F

re
qu

en
cy

(H
z)

ABT-11-70/100

 

 
First Cycle after heating
Second cycle
Third cycle
Fourth cycle
thermal loadingthermal unloading



 
 

Figure 7. Stiffness moduli of ABT-11-70/100 computed from corresponding measured resonance 
frequencies of fourth cycle  

 
In order to see whether this hysteretic behavior is manifested on other mixes of asphalt as well, the 
same procedure of application of cyclic temperature loading was carried out on two more specimens 
(ABS-11-70/100 and ABT-11-160/220). A more significant reduction in measured resonance 
frequency was obtained for ABS-11-70/100 as it is shown in Figure 8. It is also particularly noticeable 
in this result that there is a reduction in resonance frequency when temperature decreased further from 
-30 oC -40 oC. 
 
The hysteretic behavior is furthermore observed on a third sample (ABT-11-160/220) as shown in 
Figure 9(a). In this case, the hysteresis loops have relatively smaller (<1.4%) reductions of resonance 
frequencies in the thermal unloading phase until the fourth cycle is reached. It is reasonable to assume 
that since the binder used in this mixture is softer, this specimen can withstand more thermal fatigue in 
terms of stiffness variations than the stiffer binder mixtures in the previous specimens. 
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Figure 8.(a) Hysteretic behavior of measured resonance frequencies due to cooling and heating cycles 

on sample ABS-11-70/100 (b) Damping ratios computed from measured resonance frequencies of 
ABS-11-70/100 in the first and fourth applied cycles and a cycle after specimen heating  

 
Resonance frequency spectra from the tests were used to compute damping ratios (ξ) of the specimens 
based on the half-power bandwidth method as in equation 4 and with respect to the applied cyclic 
thermal cooling. Figure 5(b), 8(b) and 9(b) present the behaviors of the damping ratios of the 
specimens for the first, the last and the cycles after heating specimens to 40 oC. These cycles are 
selected since they can be taken as reference cycles in studying their evolving behavior and also the 
plots become clearer with only selected cycles. An increase in damping is observed in all the 
specimens when temperature decreases from -30 oC to -40 oC (Figure 5(b), 8(b) and 9(b)). The normal 
expectation is that damping should decrease due to a more elastic behavior as temperature decreases. 
An increase in damping is also observed in the thermal unloading phases within cycles. The hysteretic 
behavior is observed more predominantly in ABS-11-70/100 
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Figure 9a. Hysteretic behavior of measured resonance frequencies due to cooling cycles on sample 
ABT-11-160/220. (b) Damping ratios computed from measured resonance frequencies of ABT-11-

160/220 in the first and fourth applied cycles and a cycle after specimen heating  
 
  

A study of the behavior of damping with regards to micro damage is more reliable as compared to 
monitoring stiffness modulus since damping variations associated with dissipated energy are more 
sensitive to damage than stiffness variations [26, 28].The results of our study also show an indication 
of micro damage as a combination of stiffness reduction and increase in damping at temperatures 
below -30 oC with cyclic thermal loading and unloading. Moreover, no such increase in damping ratios 
is observed after the specimens were heated and tested again on a first cycle (Figure 5(b), 8(b) and 
9(b)).This suggests that the number of cycles has also an effect on the observed behavior. 
 
Figure 10 shows a comparison of the reductions in stiffness modulus of the three specimens in the 
thermal unloading phases at the same temperatures. We can be able to observe that the reduction keeps 
increasing as the measurement temperature decreases for samples ABT-11-70/100 and ABS-11-
70/100. The ABT-11-160/220 specimen shows smaller reductions at all temperatures as compared to 
the other two specimens which are likely caused by the above mentioned reason.  
 
It is to be noted that the purpose of this calculation is to illustrate the relative reduction in stiffness 
modulus due to the applied cyclic thermal cooling and Poisson’s ratios of 0.25 and 0.2 are assumed for 
temperatures above -20 oC and for temperatures below -20 oC respectively based on literatures.  
 
Besides the reductions observed in the thermal unloading phase at temperatures of -10 oC, -20 oC and  
-30 oC within the cooling and heating cycles, a tendency of slight decrease can also be noticed at -40 
oC in all the specimens as the number of cycles increases. This can be attributed to thermal fatigue 
accumulation associated with micro damage in the specimens due to relative thermal contraction and 
expansion between mastic and aggregates 
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Figure 10. Reduction in the stiffness modulus of the tested specimens due to thermal loading and 

unloading 
 
Table 3 shows the measured resonance frequencies of every cycle applied to all the three specimens. It 
can also be noted that the effect of heating the specimens at 40oC on the measured resonance 
frequencies of ABS-11 70/100 and ABT-11 160/220 is less as compared to that of ABT-11 70/100 
 
Table 3. Measured resonance frequencies (Hz) with application of cyclic cooling and heating.  
N.B The second row in each cycle represents the thermal unloading phase. 
 

Sample Cycles 0oC  – 10oC  – 20oC  – 30oC  – 40oC 
ABT-11 70/100 1 9611 9972.2 10311 10551 10683 

    9601.2 9964 10257 10514   
  2 9617.1 9979.9 10280 10512 10520 
    9609.2 9943.9 10127 10339   
  3 9611.9 9969.4 10267 10510 10481 
    9610.2 9932.7 10115 10321   
  4 9609.1 9977.5 10282 10487 10486 
    9607.2 9948.6 10111 10323   
  After heat 9620 10059 10361 10598 10660 
    9619.2 10045 10318 10521   

ABS-11 70/98 1 9624.2 9997 10336 10508 10296 
    9620 9897 10204 10391   
  2 9549.4 9983.2 10308 10494 10180 
    9541 9798.7 9959.5 9949.3   
  3 9549.4 9961.7 10278 10482 10157 
    9545 9780.4 9831.1 9960   
  4 9549 9961.7 10278 10482 10089 
    9547 9753.4  9804.8 9960   
  After heat 9563 9938 10274 10477 10221 
    9555 9803 10107 10183   

ABT-11 160/220 1 9453.4 9980.2 10251.7 10470.6 10497 
    9450.6 9983.1 10203.1 10400.4   
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  2 9451.4 9977.5 10233 10464.8 10489 
    9448.8 9949.2 10167.7 10361.2   
  3 9439.2 9977.4 10237.5 10438 10491 
    9431.1 9950.1 10160 10377.2   
  4 9453.9 9974 10234.9 10467 10449 
    9450.1 9963.4 10099 10291.3   
  After heat 9449.4 9970.8 10231.3 10453.5 10497 
    9439.7 9971.1 10181.4 10381.4   

 
Discussion 
 
ABS-11-70/100 is a coarse graded mix with higher binder content than ABT-11-70/100 as it is shown 
in table 2. Asphalt mixtures with coarse gradations are more susceptible to low temperature micro 
damage associated with differential thermal contraction between aggregates and mastic [29]. This may 
result in a lower stiffness modulus that is attributed to low temperature micro damage and it can be the 
reason that the ABS 11-70/100 specimen’s modulus shows a more pronounced decrease than the other 
samples and its modulus also lower at -40 oC unlike the other specimen. 
 
The presence of micro cracks is demonstrated in related studies regarding micro damage associated 
with thermal stress that develops after low temperature conditioning at -30 oC and -40 oC [15,16]. 
Thermal fatigue caused by day and night cyclic temperature variations simulated by applying cyclic 
temperature on asphalt concrete was also modeled in [3] and it is found out that thermal fatigue 
damage keeps increasing with the number of cycles. 
 
Without considering the thermal history of asphalt concrete, its stiffness modulus can be overestimated 
since it is shown in this work that reduced stiffness modulus is inevitable at the same measurement 
temperature but after asphalt concrete is subjected to cycles of thermal variations.  
 
It should be noted that further studies need to be carried out in order to broaden the findings of this 
work by considering more number of thermal cycles, effects of longer periods under low temperature 
and more mixture types. The scope of the study in this paper is limited to illustrating the observed 
hysteretic behavior, the applicability of a new noncontact resonance testing method and the capability 
of modal damping together with stiffness reductions for characterizing low temperature micro damage.  
 
 
Conclusions 
 
A hysteretic behavior of measured fundamental resonance frequencies is observed after cyclic cooling 
and heating of three different asphalt concrete specimens of different mixes. The results indicate that 
stepwise cyclic low temperature conditioning of the specimens has an effect of reducing stiffness 
modulus (computed from measured resonance frequencies) when the thermal unloading phase of each 
cycle takes place. Contrary to the expectation of stiffness modulus to be reversible with increase in 
temperature, the results of this work have shown that there is a significant reduction in stiffness 
moduli at the same temperatures in the thermal unloading phase within a cyclic cooling and heating. 
The hysteretic behavior is more pronounced on ABS-11-70/100 specimen and a decrease in stiffness 
modulus is observed as the temperature was decreased from -30 oC to -40 oC. It is also observed from 
the ABT-11-160/220 specimen, which is prepared from a soft binder, that the reduction in stiffness 
modulus was relatively minimum until the fourth cycle. These findings are particularly interesting 
since we can be able to observe the sole effect of only low temperature conditioning with respect to 
the reversibility behavior of stiffness of asphalt concrete with cyclic temperature variations. 
Continuous reductions in stiffness modulus are also observed at -40 oC with increasing number of 
cycles applied to all the specimens The results of this work show that it is necessary to consider the 
thermal history of asphalt concrete for determining its stiffness modulus since reduced values are 
obtained at the same measurement temperature after cyclic thermal variations.  



 
A study of damping ratios calculated from measured resonance frequency spectrums showed increase 
in all the specimens as the temperature was reduced from -30 oC to -40 oC within the applied cooling 
cycles. A combination of these increases in damping ratios with stiffness reductions is regarded as a 
good indication of a presence of thermal micro damage. 
 
This work also highlights the importance of a new non-contact method of resonance frequency 
measurement in order to investigate the effect of cooling cycles on asphalt concrete. The method used 
in this work makes it possible to monitor the changes in stiffness modulus of asphalt concrete 
specimens at low temperatures without an involvement of any other form biasing effects and with a 
relative ease and minimum cost. The technique also helps to avoid biasing effects such as coupling 
effects that arise due to contact of measuring devices and which require equipment compliance 
corrections in addition to helping to avoid temperature variations caused by physical contact in 
conventional testing methods. 
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