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Abstract
Despite significant economic and environmental benefits, performance of warm mix asphalt (WMA) containing reclaimed 
asphalt pavement (RAP) remains a matter of concern. Among the current WMA technologies, the plant foaming technique 
(called “foamed WMA” in this study) has gained the most attention, since it eliminates the need for chemical additives. 
In the present study, the laboratory performance, namely rutting and moisture-induced damage potential of foamed WMA 
containing RAP were evaluated and compared with those of similar hot mix asphalt (HMA) containing identical amount 
of RAP. Dynamic modulus, Hamburg wheel tracking (HWT) and flow number tests were performed to assess the rutting 
resistance of the mixes. Also, stripping inflection point from HWT tests and tensile strength ratio after AASHTO T 283 and 
moisture induced sensitivity test (MIST) conditioning were used to evaluate the moisture-induced damage of asphalt mixes. 
It was found that MIST conditioning effectively simulates the moisture-induced damage and can capture the propensity of 
asphalt mixes to moisture damage more distinctly compared to AASHTO T 283 method due to application of cyclic load-
ings. The foamed WMA was found to exhibit higher rutting and moisture-induced damage potential due to lower mixing 
and compaction temperatures compared to HMA. However, the increase in RAP content was found to reduce rutting and 
moisture-induced damage potential for WMA. Therefore, the lower stiffness of foamed WMA may be compensated with 
the addition of stiffer binder from RAP.

Keywords Foamed warm mix asphalt (WMA) · Dynamic modulus · Rut depth · Stripping inflection point (SIP) · Tensile 
strength ratio (TSR)

Introduction

Construction of sustainable and environment-friendly 
transportation infrastructures results in saving natural 
resources, conserving the environment and reducing energy 

consumption [1, 2]. For more than two decades, asphalt 
paving industry has been using reclaimed asphalt pavement 
(RAP) and various warm mix asphalt (WMA) technolo-
gies in the production of asphalt mixes and construction of 
flexible pavements as a part of efforts toward establishing 
a sustainable and eco-friendly construction practice [3–6].
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The WMA technologies improve the workability of 
asphalt mixes using chemical additives, organic additives, 
and water-based or water-containing foaming processes [1, 
2, 7]. These technologies reduce the mixing and compaction 
temperatures of traditional hot mix asphalt (HMA) by about 
2–40 °C [8–10]. Approximately 25–70% saving in energy 
consumption can be attained by lowering the mixing and 
compaction temperatures in WMA compared to HMA [11]. 
Among existing WMA technologies, plant foaming (called 
“foamed WMA” in this study) is being successfully used 
for production of asphalt mixes. This technique makes the 
foamed WMA more cost effective, since no chemical WMA 
additive is needed. Also, the utilization of RAP in asphalt 
mixes has increased rapidly due to its economic and envi-
ronmental benefits [12]. The availability of binder in RAP 
reduces the amount of virgin binder needed in producing 
asphalt mixes. Furthermore, the aggregates in the RAP 
are reused to lower initial construction costs and preserve 
natural resources [12, 13]. However, incorporation of RAP 
in asphalt mixes has introduced many challenges, such as 
change in binder performance grade (PG) due to the addition 
of stiffer binder from RAP, uncertainty in blending between 
virgin and aged binder, high amount of filler materials, qual-
ity of RAP, and lack of performance data [12, 13]. There-
fore, the laboratory performance of WMA containing RAP 
is still a matter of concern.

According to Bonaquist [1], the volumetric properties of 
foamed WMA may be similar to those of HMA, when other 
parameters (aggregate gradation, binder content, number 
of gyrations and RAP content) remain constant. However, 
the laboratory performance specially, rutting resistance and 
moisture-induced damage potential of foamed WMA can be 
significantly different from HMA [1, 5, 14, 15]. Also, these 
characteristics become more complex with the addition of 
high percentage of RAP in asphalt mixes [3, 4, 14, 16].

Reduced aging of foamed WMA due to lower mixing 
temperature is known to produce softer mixes compared to 
HMA [7, 17, 18]. Aged binder from RAP, on the other hand, 
makes asphalt mixes stiffer [3, 4, 6, 16, 19]. A stiffer mix is 
expected to exhibit more resistance to permanent deforma-
tion or rutting [4, 6, 9]. It is believed that the stiff and aged 
binder from RAP would counteract with the softer WMA 
mix to balance the rutting resistance of WMA [18]. Another 
concern for WMA is the partially dried aggregates which 
can result from lower mixing and compaction temperatures 
[9, 17, 20]. Also, injection of water during the foaming pro-
cess can result in higher susceptibility to moisture-induced 
damage for foamed WMA mixes [21]. On the contrary, the 
stronger bond in the RAP binder and aggregate may counter-
act the moisture-induced damage potential of foamed WMA 
[5, 14, 15]. Although there is a need for studying the effects 
of using foamed WMA and RAP in asphalt mixes on their 
performance, the knowledge about laboratory performance 

of foamed WMA containing RAP, particularly when high 
amount of RAP is used, is limited. Therefore, the present 
study was undertaken to examine the rutting and moisture-
induced damage performances of foamed WMA containing 
RAP compared to those of similar HMA.

Materials and methods

Materials

Two types of aggregate gradations, with nominal maximum 
aggregate sizes (NMAS) of 19.0 and 12.5 mm were used 
for production of asphalt mixes. The asphalt mixes having a 
NMAS of 19.0 mm (i.e., S3 mixes) were designed and pre-
pared with 25% RAP. The asphalt mixes having a NMAS of 
12.5 mm (i.e., S4 mixes) contained 5% RAP. The amount of 
RAP in mixes was selected in accordance with the current 
Oklahoma Department of Transportation (ODOT) specifica-
tions (ODOT, 2013). A PG 64-22 asphalt binder was used as 
the virgin binder in producing the HMA. From the viscos-
ity–temperature relationship of the asphalt binder, the mix-
ing and compaction temperatures for HMA were used as 163 
°C and 149 °C, respectively [22]. To produce WMA, the col-
lected PG 64-22 binder was foamed using 2% foaming agent 
(water) by the weight of asphalt binder using a laboratory 
foamer,  Accufoamer® from Instrotek. The mixing and com-
paction of foamed WMA were performed at 135 °C and 127 
°C, respectively. These temperatures were selected based on 
the previous studies conducted on foamed WMA technology 
and the current practice used by the local asphalt producers 
[1, 18]. In this study, a total of four asphalt mixes (two HMA 
and two foamed WMA) were produced in the laboratory. 
HMA S3 and WMA S3 were prepared using S3 aggregate 
gradation with an optimum binder content of 4.5%, whereas 
HMA S4 and WMA S4 were prepared using S4 aggregate 
gradation with 4.9% optimum binder content. The HMA S3 
and HMA S4 were prepared using the HMA mix design pro-
cedure at higher mixing (163 °C) and compaction (149 °C) 
temperatures without foamed binder and were considered as 
control mixes. On the other hand, the WMA S3 and WMA 
S4 were produced at WMA mixing (135 °C) and compaction 
(127 °C) temperatures using the foamed binder. The details 
of these four mixes are given in Table 1.

Sample preparation

Asphalt samples for all performance tests were prepared 
in the laboratory using a  Superpave® Gyratory Compactor 
(SGC). After mixing, bulk HMA was short-term aged at 
135 °C for 4 h as per AASHTO R 30 in order to simulate 
the conditioning of plant-produced mixes [22]. As sug-
gested by Bonaquist [1], the bulk WMA was short-term 
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aged at WMA compaction temperature (127 °C) for 2 h to 
simulate the conditioning of WMA plant-produced mixes. 
After the compaction, volumetric tests were conducted to 
check air voids in accordance with AASHTO T 166 [22]. 
The target air voids were kept at 7 ± 0.5% based on the 
densities typically obtained in the field [22].

Laboratory tests

Dynamic modulus (DM) test

Dynamic modulus tests were conducted as per AASHTO T 
378 using an asphalt mixture performance tester (AMPT) 
[22]. For this purpose, over-size samples with a diameter 
of 150 mm and a height of 167.5 mm were prepared using 
SGC. These samples were then cored from the center to 
obtain specimens having a diameter of 100 mm. The cored 
specimens were cut at both ends using a heavy duty saw 
to obtain specimens with a height of 150 mm. As sug-
gested by Chehab [23], this method produces specimen 
with uniform air voids in both vertical and radial direc-
tions. For each asphalt mix, three replicates were prepared 
for dynamic modulus testing.

The dynamic modulus tests were conducted at four dif-
ferent temperatures, namely 4.4, 21.1, 37.8, and 54.4 °C. 
For each temperature, six different loading frequencies, 
namely 25, 10, 5, 1, 0.5 and 0.1 Hz were used. The applied 
loading consisted of a sinusoidal compressive (haversine-
shaped) pulse. The load magnitude was adjusted based on 
the material stiffness, frequency and temperature, to keep 
the strain response within 50–150 micro-strains. Although 
dynamic modulus tests can be performed under both con-
fined and unconfined conditions, unconfined condition was 
used here [22]. Finally, a master curve was developed at 
a reference temperature of 21.1 °C using the time–tem-
perature superposition principal. A sigmoidal function 
was used in fitting the master curve [24]. Details of the 
time–temperature superposition method can be found in 
Singh [24].

Hamburg wheel tracking (HWT) test

The HWT test was conducted in accordance with AASHTO 
T 324 to determine the rutting susceptibility and moisture-
induced damage potential of the aforementioned mixes 
[22]. Cylindrical samples with a diameter of 150 mm and a 
height of 60 mm were prepared in the laboratory. The HWT 
tests were conducted at 50 °C with a frequency of 52 wheel 
passes/minute and a wheel load of 705 N. The test was auto-
matically terminated after reaching a maximum rut depth of 
20 mm or 20,000 wheel passes, whichever reached first. The 
HWT test results were analyzed using both conventional and 
the method proposed by Yin et al. [25].

In the conventional analysis of HWT test results, the 
post-compaction deformation, creep slope, stripping slope, 
and stripping inflection point (SIP) were determined manu-
ally. The initial densification of asphalt pavement due to 
the movement of traffic is indicated by the post-compaction 
deformation. Yildirim and Kennedy [26] suggested the rut 
depth at 1000 wheel passes as the post-compaction point. 
After post-compaction zone, the rut depth increases linearly 
with the number of wheel passes up to certain point. The 
slope of this zone is commonly known as creep slope. After 
that, a rapid increase in rut depth was observed with the 
increase in wheel passes. This rapid deformation of HWT 
sample is attributed to tertiary deformation. The slope of 
this tertiary zone is commonly known as stripping slope. 
The moisture-induced damage potential of asphalt mixes is 
measured by this stripping slope. The intersection between 
the stripping slope and creep slope is represented by the 
SIP. The SIP can be defined as the number of repeated load 
cycles after which an abrupt increase in rut depth is observed 
in the HWT test due to stripping of binder from the aggre-
gate [27].

In addition to conventional analysis, HWT test results 
were analyzed using the method proposed by Yin et al. 
[25]. This method is expected to differentiate the strip-
ping strain from the visco-plastic strain using the curve 
fitting equations. Three parameters, namely, stripping 
number  (LCSN), stripping life  (LCST) and viscoelastic 
strain increment ( Δ�vp

10,000
) were proposed by Yin et al. 

Table 1  Properties of the asphalt mixes

Mix ID Mix type Optimum binder 
content (%)

Mixing/compaction 
temperatures (°C)

NMAS (mm) Binder type Foamed binder Absorbed 
binder (%)

RAP 
content 
(%)

HMA S3 HMA 4.5 163/149 19 PG 64-22 No 0.42 25
WMA S3 WMA 4.5 135/127 19 PG 64-22 Yes 0.42 25
HMA S4 HMA 4.9 163/149 12 PG 64-22 No 0.46 5
WMA S4 WMA 4.9 135/127 12 PG 64-22 Yes 0.46 5
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[25] to evaluate the rutting and moisture-induced damage 
potential of asphalt mixes [25]. In this method, the wheel 
passes at which stripping starts is represented by the strip-
ping number  (LCSN). After  LCSN, the additional wheel 
passes required for stripping strain to result in 12.5 mm 
rut depth is represented by stripping life  (LCST). There-
fore, the moisture-induced damage potential before and 
after the stripping is evaluated by  LCSN and  LCST, respec-
tively. A higher moisture-induced damage potential of 
asphalt mixes is represented by the lower  LCSN and  LCST 
values. Also, in this method, Δ�vp

10,000
 indicates the resist-

ance to rutting before stripping occurs. In this method, 
the projected visco-plastic strain increment till 10,000 
wheel passes is used as Δ�vp

10,000
 . The asphalt mixes with 

lower Δ�vp
10,000

 values are expected to show higher rutting 
resistance.

Flow number (FN) test

The FN test was conducted according to AASHTO T 378 
using an AMPT [22]. The FN is defined as the number of 
load cycles related to the minimum rate of change in per-
manent axial strain in a repeated loading test of asphalt 
specimen [28]. In this study, the flow number test was con-
ducted on the same specimen used for dynamic modulus 
test, because the specimen was not loaded beyond the elastic 
range in dynamic modulus test [22]. The FN test specimens 
were subjected to a 0.1 s repeated haversine axial compres-
sive loading pulse followed by a 0.9 s of rest period. The 
test was conducted at unconfined state with a contact stress 
of 30 kPa and repeated axial stress of 600 kPa. All the tests 
were conducted at 64 °C, which was selected based on the 
high-temperature PG of the selected binder. The FN test was 
continued up to 10,000 loading cycles or until excessive ter-
tiary deformation observed on the specimen.

Indirect tensile strength ratio (TSR) test

Several researchers have used tensile strength ratio (TSR) as 
a potential indicator of moisture-induced damage [5, 29, 30]. 
It represents the indirect tensile strength ratio of moisture-
conditioned and dry samples. In this study, samples were 
conditioned following both AASHTO T 283 and moisture 
induced sensitivity test (MIST) methods to determine the 
TSR values. For each mix, three replicates of cylindrical 
sample having a diameter of 150 mm and a height of 115 ± 5 
mm were prepared in the laboratory using SGC. The indirect 
tensile strength (ITS) tests were conducted on both dry and 
moisture-conditioned asphalt samples at 25 °C. The tests 
were conducted according to ASTM D 6931 [31]. Equation 
(1) was used to calculate the TSR value.

Moisture conditioning of compacted samples

AASHTO T 283 method

The AASHTO T 283 method, commonly known as 
freeze–thaw method, was used for simulating the moisture-
induced damage in the compacted samples before conduct-
ing ITS test [22]. According to this procedure, samples were 
conditioned by saturating with water (70–80% saturation), 
followed by a freezing cycle (− 18 °C for 16 h) and a thaw-
ing cycle (60 °C water bath for 24 h). The weathering effect 
on the asphalt sample was simulated by this conditioning 
method [22].

Moisture induced sensitivity test (MIST) conditioning

MIST is relatively a new technique to simulate the genera-
tion and dissipation of pore water pressure in a saturated 
asphalt pavement. Initially, the TSR samples were condi-
tioned at 60 °C for 20 h in water to simulate chemical and 
adhesion effects [31]. After the adhesion phase, samples 
were subjected to 3500 pressure cycles at 280 kPa to gen-
erate the effect of pore pressure buildup inside the sample 
according to ASTM D 7870 [31].

Results and discussion

Rutting performance

Dynamic modulus test

Figure 1a, b represents the dynamic modulus master curve 
at 21.1 °C temperature for S3 mixes (HMA S3 and WMA 
S3) and S4 mixes (HMA S4 and WMA S4), respectively. 
An increase in dynamic modulus values was observed with 
an increase in frequency and decrease in testing tempera-
ture. These results are compatible with expectations as an 
increase in testing frequency and/or a decrease in tempera-
ture increases the stiffness of asphalt mixes [13, 24, 32].

Also, both HMA and foamed WMA showed a simi-
lar trend in the dynamic modulus master curve (Fig. 1). 
However, relatively lower dynamic modulus values were 
observed for foamed WMA (WMA S3 and WMA S4) than 
HMA (HMA S3 and HMA S4). For example, at  10–4 Hz 
reduced frequency, predicted dynamic modulus values 
for HMA S3 and WMA S3 were 249 MPa and 147 MPa, 
respectively. A similar trend was observed for S4 mixes. 

(1)

TSR =
ITS ofMoisture − conditioned Samples

(

ITSF - T/MIST

)

ITS ofDry − conditioned Samples
(

ITSdry
)
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The predicted dynamic modulus values found for HMA 
S4 and WMA S4 at  10–4 Hz reduced frequency were 151 
MPa and 120 MPa, respectively. Therefore, WMA S3 and 
WMA S4 are expected to show lower stiffness compared to 
HMA S3 and HMA S4, respectively. As noted previously, 
a lower degree of aging in WMA is expected to produce 
softer mixes compared to HMA [7, 17, 18]. Several other 
researchers have also reported lower dynamic modulus val-
ues for WMA compared to control HMA [13, 14, 28, 32]. A 
lower dynamic modulus is expected to cause more rutting 
in case of WMA [13]. It is also evident that both S3 mixes 
(HMA S3 and WMA S3) containing 25% RAP had higher 
dynamic modulus values compared to S4 mixes (HMA S4 
and WMA S4) containing 5% RAP at  10–4 Hz reduced fre-
quency. As reported by Ghabchi [13], higher RAP contents 
lead to stiffer mixes and higher dynamic modulus, which 
supports the results obtained in this study.

Hamburg wheel tracking (HWT) test

Figure 2a, b presents the HWT fitted graphs obtained in this 
study for S3 and S4 mixes, respectively. The fitted graphs 
were plotted based on the method proposed by Lu and Har-
vey [33]. It is evident from these figures that, for both cases, 
control HMA showed higher rutting resistance than foamed 
WMA containing identical amount of RAP. The test results 
indicated that, for similar numbers of wheel passes, higher 
rut depths were observed in foamed WMA samples com-
pared to HMA samples, and this difference became increas-
ingly dominant at higher numbers of passes. The rut depth 
at 10,000 wheel passes for HMA S3 and WMA S3 were 
found to be 2.2 mm and 4.3 mm, respectively. Also, rela-
tively a higher rut depth (5.4 mm) was observed for WMA 
S4 compared to HMA S4 (2.7 mm) at 10,000 wheel passes. 
Several rutting parameters, namely post-compaction defor-
mation, creep slope, stripping slope, SIP and Δ�vp

10,000
 were 

determined from the HWT test results and are presented 
in Table 2. From Table 2, it is evident that WMA showed 
a higher post-compaction deformation compared to HMA. 
Furthermore, the inverse creep slope for WMA S3 was found 
to be 6667 passes/mm, whereas for HMA S3, the inverse 
creep slope was 10,000 passes/mm. Therefore, about two 
times higher rutting resistance during the creep phase was 

Fig. 1  Master curves at 21.1 °C reference temperature for a S3 mixes and b S4 mixes

Fig. 2  Comparison of HWT graphs for a S3 mixes and b S4 mixes
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observed for HMA S3 compared to WMA S3. Moreover, 
HMA S4 was found to exhibit about five times higher rut-
ting resistance in the creep zone (15,000 passes/mm) com-
pared to WMA S4 (2946 passes/mm). In addition, HMA S3 
and HMA S4 were found to exhibit lower Δ�vp

10,000
 values 

compared to WMA S3 and WMA S4, respectively. Overall, 
foamed WMA is expected to show lower rutting resistance 
compared to their HMA counterparts. A similar observation 
for foamed WMA was reported by several other researchers 
[1, 4, 6, 9, 20]. This may be attributed to lower stiffness of 
WMA as indicated by dynamic modulus test results [9, 17].

From Table 2, it is evident that higher rutting resistance 
was exhibited by S3 mixes compared to S4 mixes. For WMA 
S3, rut depth observed at 10,000 wheel passes was 4.3 mm, 
whereas at the same wheel passes, a rut depth of 5.4 mm was 
observed for WMA S4. Also, the inverse creep slopes for 
WMA S3 and WMA S4 were found to be 6667 passes/mm 
and 2946 passes/mm, respectively, indicating higher rutting 
resistance for WMA S3 compared to WMA S4. A similar 

trend was observed for HMA S3 compared to HMA S4. 
The rut depths for HMA S3 and HMA S4 were found to be 
2.2 mm and 2.7 mm at 10,000 wheel passes, respectively. 
The incorporation of higher percentage of RAP in S3 mixes 
(25%) compared to S4 mixes (5%) may have contributed to 
the increased rutting resistance. A similar increase in rutting 
resistance with an increase in RAP content was reported by 
several other researchers [3, 4, 6, 16, 19].

Flow number (FN) test

Figure 3a, b shows the FN test results for S3 and S4 mixes, 
respectively. An asphalt mix with a higher FN value is 
expected to show higher resistance to rutting [6, 28]. For 
each mix type, three specimens were tested to check the 
repeatability of test results. The coefficients of variance 
(COVs) for HMA S3 and WMA S3 were found to be 4.6% 
and 19.5%, respectively. Also, the COVs for HMA S4 and 
WMA S4 were found to be 14.2% and 21.7%, respectively. 

Table 2  Performance parameters obtained from HWT tests

MIX ID Average % 
air voids

Post 
compaction 
(mm)

Creep slope 
(mm/passes)

Inverse creep 
slope (passes/
mm)

Stripping inflec-
tion point (passes)

Stripping slope 
(mm/passes)

Inverse stripping 
slope (passes/
mm)

Conventional method
HMA S3 6.8 1.1 0.000100 10,000 N/A N/A N/A
WMA S3 6.8 2.0 0.000150 6667 17,100 0.000417 2400
HMA S4 6.9 1.7 0.000067 15,000 N/A N/A N/A
WMA S4 7.0 1.8 0.000339 2946 12,000 0.000756 1324

MIX ID Average % air voids Δ�
vp

10,000
LCSN LCST

Method outlined by Yin et al. [25]
HMA S3 6.8 1.08E–06 > 20,000 –
WMA S3 6.8 1.74E–06 > 20,000 –
HMA S4 6.9 0.59E–06 > 20,000 –
WMA S4 7.0 3.33E–06 4647 22,011

(a) (b)
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Fig. 3  Comparison of FN values for a S3 mixes and b S4 mixes
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The recommended COVs by AASHTO T 378 for mixes with 
NMAS of 19 mm and 12.5 mm are 58.5% and 43.1%, respec-
tively [22]. Therefore, the COV requirements were satisfied 
for both S3 and S4 mixes. Also, from Fig. 3 it was found 
that both WMA showed lower average FN values compared 
to their HMA counterparts. Therefore, higher COVs were 
observed for WMA mixes compared to HMA mixes. It is 
attributed to unit change in standard deviation causes higher 
COV for WMA mixes due to lower average values of FN. 
The average FN values for HMA S3 and WMA S3 were 
found to be 167 and 59, respectively. A similar trend was fol-
lowed by S4 mixes. The average FN values for HMA S4 and 
WMA S4 were found to be 107 and 16, respectively. There-
fore, lower resistance to rutting is expected for WMA com-
pared to control HMA. A similar observation was reported 
by several other researchers [1, 4, 6, 9, 20]. Furthermore, S3 
mixes were found to exhibit higher FN values compared to 
S4 mixes indicating higher rutting resistance for S3 mixes 
due to incorporation of high percentage of RAP [3, 4, 6, 
16, 19].

Ranking of asphalt mixes based on rutting performance

Table 3 presents the ranking of asphalt mixes based on vari-
ous rutting parameters. The rating was conducted on a scale 
of 1–4, where 1 represents the best performing and 4 rep-
resents the worst performing asphalt mix. From HWT test 
data, rut depth at 10,000 wheel passes, inverse creep slope 
(passes/mm) and Δ�vp

10,000
 were considered for ranking the 

asphalt mixes. The rut depth at 10,000 wheel passes was 
considered based on ODOT’s provision for mixes with a 
PG 64-22 binder (ODOT, 2011). Also, dynamic modulus 
value at  10–4 Hz reduced frequency and 21.1 °C reference 
temperature was considered in ranking the rutting resistance 
of asphalt mixes. The ranking of asphalt mixes based on the 
FN value is included in Table 3.

From Table 3 it is evident that foamed WMA was found 
to exhibit a lower rutting resistance than control HMA. 
Based on the rut depth, FN and dynamic modulus, HMA 

S3 exhibited the highest resistance to rutting, followed 
by HMA S4, WMA S3, and WMA S4. However, HMA 
S4 showed the highest rutting resistance, followed by 
HMA S3, WMA S3, and WMA S4 when using inverse 
creep slope and Δ�vp

10,000
 for ranking. It was expected as 

the rutting rate in the creep zone was presented by both 
inverse creep slope and Δ�vp

10,000
 . The finer aggregate gra-

dation is believed to decrease the rutting potential for S4 
mixes compared to S3 mixes. This is mainly attributed to 
a higher degree of aggregate segregation within the sam-
ple for coarser mixes [34–37]. The high RAP content, on 
the contrary, increases the rutting resistance of S3 mixes 
compared to S4 mixes. Therefore, these two opposing fac-
tors (aggregate gradation and RAP content) were found to 
rank HMA S3 and HMA S4 differently, while considering 
different parameters.

Moisture‑induced damage

Stripping infection point (SIP)

Figure 2 shows that distinct SIPs for both WMA coarse 
(WMA S3) and fine (WMA S4) mixes were observed at 
about 17,100 and 12,000 wheel passes, respectively. How-
ever, no SIP was observed for the HMA. After SIPs, the rate 
of rut depth increased rapidly due to the intrusion of mois-
ture in the specimen. For instance, the resistance to rutting 
reduced from 6667 passes/mm to 2400 passes/mm after the 
SIP for WMA S3 (Table 2). A similar trend was observed 
for WMA S4. Therefore, foamed WMA was found to exhibit 
more moisture-induced damage potential compared to con-
trol HMA. This may be attributed to partially dried aggre-
gates at lower WMA mixing and compaction temperatures 
and injection of water vapor in the foamed WMA binder 
[9, 17, 20].

The SIP for WMA S3 was observed at higher wheel 
passes (17,100) compared to WMA S4 (12,000). Also, 
the inverse stripping slope was higher for WMA S3 (2400 
passes/mm) than WMA S4 (1324 passes/mm) indicat-
ing a higher resistance to stripping for WMA S3 due to an 
increase in RAP content. Also, based on the analysis of 
HWT results from the method proposed by Yin et al. [25], 
no  LCSN was found within 20,000 wheel passes for WMA 
S3. However, WMA S4 was found to exhibit a  LCSN value 
at 4647 wheel passes. Therefore, WMA S4 is likely to show 
a higher moisture-induced damage potential than WMA S3. 
The addition of aged binder from RAP is expected to have a 
positive effect on the moisture-induced damage resistance of 
asphalt mixes due to stronger bonding between RAP aggre-
gate and binder. A similar finding for moisture-induced dam-
age potential with increase in RAP content was reported by 
several other researchers [5, 14, 15].

Table 3  Ranking of asphalt mixes based on rutting resistance

Mix ID Dynamic 
modulus

HWT indices Average FN

Rut depth 
at 10,000 
wheel 
passes 
(mm)

Inverse 
creep 
slope 
(passes/
mm)

Δ�
vp

10,000

HMA S3 1 1 2 2 1
WMA S3 3 3 3 3 3
HMA S4 2 2 1 1 2
WMA S4 4 4 4 4 4
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AASHTO T 283 method

Figure 4 presents the ITS values of the dry  (ITSdry) and 
freeze–thaw conditioned  (ITSF–T) samples with TSR val-
ues  (TSRF–T) for all four mixes. The average  ITSdry and 
 ITSF–T values for HMA S3 were found to be 2381 kPa and 
2009 kPa with standard deviations of 104 kPa and 100 kPa, 
respectively. Also, the average  ITSdry and  ITSF–T values for 
WMA S3 were found to be 2596 kPa and 2054 kPa with 
standard deviations of 117 kPa and 194 kPa, respectively. 
Therefore, WMA S3 was found to exhibit a higher ITS 
compared to HMA S3 at both dry and moist conditions. 
However, the  TSRF–T value observed for WMA S3 was 
slightly lower (0.79) than HMA S3 (0.84). HMA S3 satis-
fied the ODOT specification (0.80) for  TSRF-T, whereas 
WMA S3 did not satisfy the requirement by a small margin 
(0.01). A similar trend in the  TSRF–T value was observed 
for WMA S4 compared to control HMA S4 (Fig. 4b). The 
 TSRF–T value for WMA S4 was relatively lower (0.76) 
compared to HMA S4 (0.80). Therefore, WMA S4 did not 
satisfy the ODOT specification for moisture-induced dam-
age (0.80), whereas HMA S4 satisfied the requirement. 
A higher moisture-induced damage potential for foamed 
WMA compared to HMA was reported by other research-
ers due to partially dried aggregates and incorporation of 
water in the foaming process [9, 17, 20].

MIST conditioning

Figure 5 presents the ITS values of the dry  (ITSdry) and 
MIST conditioned  (ITSMIST) samples with TSR values 
 (TSRMIST) for all four mixes. A significant reduction in 
ITS value was observed for both WMA S3 and WMA S4 
after MIST conditioning. A lower  TSRMIST value of 0.68 
was observed for WMA S3 compared to control HMA S3 
(0.94) after MIST conditioning. Also, a  TSRMIST value of 
only 0.60 was observed for WMA S4, whereas HMA S4 
exhibited a much higher  TSRMIST value of 0.91. Therefore, 
MIST conditioning followed a similar trend in screening 
the moisture-induced damage potential of asphalt mixes 
compared to SIP and  TSRF–T. Furthermore, higher  TSRMIST 
values were found for S3 mixes compared to S4 mixes due 
to the increase in RAP amount [5, 14, 15].

In this study, MIST conditioning was found to screen the 
moisture-induced damage potential of WMA from HMA 
more distinctly compared to AASHTO T 283 conditioning 
method. In AASHTO T 283 method, environmental degra-
dation of asphalt sample was simulated by one freeze–thaw 
cycle without considering traffic and cyclic pore pressure 
effects [22]. On the other hand, the generation and dissipa-
tion of pore water pressure in saturated pavement due to 
vehicular movement is simulated in the MIST condition-
ing process. In MIST, the stripping of asphalt mixes was 
caused by this generation of pore water pressure [38, 39]. 
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Therefore, several researchers have suggested MIST tech-
nique in evaluating the moisture-induced damage potential 
of asphalt mixes [30, 40, 41].

Ranking of asphalt mixes based on moisture susceptibility

Table 4 shows the ranking of asphalt mixes using differ-
ent parameters obtained from HWT and TSR test results. A 
similar ranking of moisture-induced damage potential for 
asphalt mixes was found based on different test parameters. 
No distinct SIP was observed for HMA in the HWT test 
results. Therefore, same rank was assigned for both HMA 
S3 and HMA S4. Also,  LCSN values for HMA S3, WMA S3, 
and HMA S4 were found to be greater than 20,000 wheel 
passes and no  LCST values were found for these mixes. 
Therefore, these mixes were ranked as 1 based on  LCSN 
and  LCST values. Furthermore, both TSR values followed 
a similar trend in ranking the asphalt mixes. Based on the 
TSR values, HMA S3 exhibited the highest resistance to 
moisture-induced damage, followed by HMA S4, WMA 
S3, and WMA S4. Therefore, foamed WMA technology is 
expected to produce higher moisture susceptible mixes due 
to the lowering of mixing and compaction temperatures. Ali 
et al. [20] suggested a longer drying period for aggregates in 
case of WMA to allow the entrapped water to escape. The 
moist aggregates increased the potential of moisture-induced 
damage for foamed WMA as inadequate aggregate coating 
may be resulted in presence of water [20]. Also, an increase 
in RAP content was found to be beneficial for moisture-
induced damage resistance due to stronger bond between 
the aged binder and aggregates.

Conclusions

The rutting and moisture-induced damage potential of 
foamed WMA were evaluated and compared with those of 
control HMA having same gradations and containing the 
same amount of RAP. The dynamic modulus, HWT and FN 
tests were conducted to evaluate the rutting resistance. On 
the other hand, SIP,  LCSN, and  LCST from HWT test and 
TSR from two different conditioning methods were used to 

evaluate the moisture-induced damage potential of asphalt 
mixes. Based on the results found in this study, the following 
conclusions can be drawn.

1. It was found that foamed WMA exhibited lower rutting 
resistance than HMA both having identical RAP con-
tents. This was attributed to lower stiffness of WMA as 
indicated by dynamic modulus test results. Both fine and 
coarse WMA satisfied ODOT current provision for rut 
depth of 12.5 mm at 10,000 wheel passes in HWT test 
(ODOT, 2011).

2. The coarser mixes were found to exhibit higher rutting 
resistance than finer mixes due to increased RAP con-
tent. Incorporation of aged and stiffer binder from RAP 
was found to increase the stiffness of asphalt mixes, 
which resulted in higher rutting resistance.

3. A relatively low TSR value was observed for foamed 
WMA compared to HMA for both AASHTO T 283 and 
MIST conditioning methods, indicating higher moisture-
induced damage potential for WMA. The MIST method 
was found to screen asphalt mixes more distinctly com-
pared to the AASHTO T 283 method due to the applica-
tion of cyclic loads during the conditioning process.

4. The foamed WMA technique was found to increase rut-
ting potential and moisture-induced damage potential 
of asphalt mixes. On the contrary, addition of RAP was 
found to reduce rutting and moisture-induced damage 
potential. Therefore, a combination of foamed WMA 
technique with RAP may counteract each other’s effects. 
Such counteracting effects should be taken into account 
in designing foamed WMA mixes.

Limitations and recommendations

In this study, only one type of a non-polymer-modified 
asphalt binder (PG 64-22) was considered for both mixes, 
namely HMA and foamed WMA containing RAP. However, 
the performance of foamed WMA prepared using different 
types of asphalt binders, such as polymer-modified bind-
ers, might be different from those observed in this study. 
Therefore, it is recommended that the effect of other binder 
types on performance characteristics of foamed WMA con-
taining RAP be studied in future. Also, based on the previ-
ous studies conducted on foamed WMA technology and the 
current practice used by the local asphalt producers [1, 2], 
only one foaming water content was used in the preparation 
of foamed WMA. It is recommended that the effect of using 
different amounts of foaming water contents be examined 
in future studies. Furthermore, mixes containing up to 25% 
RAP were considered in this study. The effect of using a 
higher RAP content on properties of foamed WMA mixes 
should be studied further.

Table 4  Ranking of asphalt mixes based on moisture-induced damage 
potential

Mix ID HWT test ITS test

SIP LCSN LCST TSRF–T TSRMIST

HMA S3 1 1 1 1 1
WMA S3 3 1 1 3 3
HMA S4 1 1 1 2 2
WMA S4 4 4 4 4 4
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