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Abstract: Hot-mix asphalt (HMA) remains the predominant material for pavement surfacing.
Mixing is performed at about 180 ◦C, depending on the bitumen used. Environmental concerns in
terms of emissions and energy demand are fostering new sustainable technologies in road construction.
Warm-mix asphalt (WMA) and half-warm-mix asphalt (HWMA) mixtures meet current expectations
in that they are produced at lower temperatures, 100–130 ◦C, ensured by foaming the bitumen with
water. The extent of temperature reduction requires that the mixture has adequate moisture and
frost resistance, which is particularly important in countries that have a low-temperature climate.
Asphalt concrete AC 8 S with 50/70-grade foamed bitumen modified with 0.6 wt.% surface-active
agent (SAA) was used in the tests. To provide the AC mixture with the required resistance to climatic
factors (water, temperature below 0), hydrated lime was added at 0, 15, 30, and 45 wt.% as limestone
filler replacement. The influence of the hydrated lime addition on the air void content and resistance
to moisture and frost damage was investigated according to the WT-2 2014 methodology based on
EN 12697-12: 2008 and to the modified AASHTO T283 method. The optimum content of hydrated
lime for filler replacement was determined through statistical analysis of the test results. With the
optimum hydrated lime replacement of 30%, the required level of moisture and frost resistance of
HWMA concrete with foamed bitumen is achieved. The results of this study confirmed the suitability
of HWMA concrete with foamed bitumen for application in road construction practice.
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1. Introduction

The sustainability of road construction processes is understood as minimizing negative
environmental impacts through reducing greenhouse emissions and energy use of asphalt mixing
plants. Conventional hot-mix asphalt (HMA) mixtures are produced at high temperatures reaching
180 ◦C, depending on the bitumen type used. During production, a large amount of CO2 and other
harmful gases are emitted, and a large amount of energy is needed to dry the aggregate and bring the
bitumen from solid to liquid with a viscosity of about 0.2 Pa·s. The need to find more eco-friendly
technologies has been reflected in the number of research and development activities leading to the
implementation of low-temperature processes. Warm-mix asphalt (WMA) is produced and placed
at lower temperatures compared with HMA [1,2]. This temperature reduction results from adding a
variety of chemical agents [3–7], such as low-viscosity additives that decrease bitumen viscosity [8–12]
and foamed bitumen based on natural [13–15] or synthetic zeolite [16,17].
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In half-warm-mix asphalt (HWMA) technology, the lowering of temperature is even more
pronounced. The binder is the bitumen foamed with water which lowers the binder viscosity [18–23]
and the process temperature is lower by about 40–60 ◦C in comparison with traditional HMA. A HWMA
mixture with foamed asphalt and a traditional mixture should have comparable properties [24–26].
Until recently, foamed bitumen was used only in deep cold recycling [20,27,28] and in this respect,
quality requirements were set for the foaming parameters: maximum expansion—ER, and half-life—HL
of bitumen foam [20,29].

Ensuring high parameters of foamed bitumen is critical for achieving the required parameters
of the mixture. Research is being carried out on the modification of the binder before foaming using
synthetic Fischer–Tropsch wax [30,31] or surfactants [32]. The use of wax causes certain technological
difficulties at a temperature below 100 ◦C. At this temperature, the F–T wax crystallizes in the binder
causing compatibility problems [11,25]. These problems can be avoided by adding a surface-active
agent (SAA) as a binder additive [32]. The field practice shows, however, that the use of SAA in HMA
mixtures not only fails to enhance the standard properties but may have a slightly adverse effect in
some cases [33]. Based on HMA practice, the use of hydrated lime as a partial filler replacement in
HWMA mixtures could present beneficial effects.

The idea of using lime in bituminous mixtures is not new. The forerunner in this field was the
United States [34,35] more than a hundred years ago. Research carried out over several subsequent
decades has managed to prove the positive role of hydrated lime in traditional HMA mixtures [36,37].
Lime was shown to increase moisture and frost resistance [38,39] as a result of improving the
bitumen-aggregate adhesion [38–40].

Hydrated lime plays an important role in slowing the ageing of bitumen and bituminous mixtures,
thereby extending the durability of pavements for their moisture and frost resistance and the resistance
to permanent deformations [41–43].

The addition of hydrated lime reduces age-hardening of bitumen, which, as a result, have lower
stiffness [40]. The type of bitumen has a direct influence on the intensity with which lime reduces
age-hardening of the binder [39,44–46].

Research on the binder recovered from bituminous mixtures used in structural layers is important
for identifying the effect of hydrated lime on bitumen properties [40,47,48]. The recovered binder was
found to have higher viscosity than lime-free binders [40].

Hydrated lime significantly reduces the ageing process of bituminous mixtures regardless of
their composition [49], which is important in the process of ensuring freeze-thaw resistance of asphalt
concrete [50,51].

Development of WMA technology requires that various types of additives and modifiers are used
to obtain the required mixture quality, primarily in terms of its resistance to permanent deformations and
frost resistance performance, which may be decreased due to lowered mix processing temperatures [26].
Hydrated lime has also been used for this purpose. However, experience in this area is very limited
as only a few studies have shown positive effects of hydrated lime in the mixture composition on
ensuring its resistance to moisture and frost [52,53].

As it is a multifunctional additive, hydrated lime ensures durability of bituminous surfaces by
improving moisture and frost resistance of bituminous mixtures and structural pavement layers and
by increasing pavement resistance to permanent deformations [40]. It can also contribute to achieving
the required level of the material characteristics of HWMA mixtures with foamed bitumen.

The use of foamed binders with the highest parameters in HWMA mixtures for extending the
road work season makes it necessary to add bitumen modifiers (SAA) before foaming. This technology,
in addition to ensuring high bitumen foaming characteristics, should also guarantee that the mixture
meets the required level of moisture resistance. To achieve this, hydrated lime can be used as in
traditional HMA mixtures. The aim of this study was to assess the influence of foamed bitumen binder
and hydrated lime fraction in the mineral filler on providing moisture and frost resistance of asphalt
concrete intended for the wearing course, produced at a reduced temperature in the HWMA process.
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The moisture and frost resistance of the mixture is one of the main factors that influence the
durability of the asphalt pavement [54]. This factor should be carefully considered when new material
solutions are introduced, and limited laboratory or field experience is available. A detailed analysis
of the applied research methods is necessary to allow proper assessment of the resistance of the
mixture to the climatic factors. Research experience shows that depending on the procedures adopted,
the methods can be assessed in a variety of ways [55,56]. Therefore, the moisture and frost resistance
of the produced mixtures was evaluated using two different procedures, using one and 18 freeze-thaw
cycles, respectively. Another objective was to optimize HWMA concrete composition.

2. Tested Materials

2.1. Experimental Program

The tests aimed at determining the influence of hydrated lime on the durability of HWMA mixtures
with foamed bitumen. Two moisture damage testing procedures that significantly differ in conditioning
technique were used. The procedure recommended by the Technical Requirements WT-2 is less severe
than the AASHTO T283 modified method. Analysis of the AC 8 manufacturing technology effects
included determining the parameters below as per WT-2 2014 [57] and EN 13108-1:2008:
√

air void content (Va, %) to EN 12697-8:2005,
√

water sensitivity (ITSR, %) to WT-2 2014 [58],
√

resistance to moisture-induced damage (RWWM, %) to the modified AASHTO T283 method [51].

Parameters Va, ITSR and RWWM were determined by compacting the specimens using a Marshall
hammer with the number of blows depending on the procedure used. All characteristics were
determined on a total of nine specimens [59] that met the required physical and geometrical criteria [58].

2.1.1. Air Void Content (Va)

The air void content is the volume of air voids in the bituminous specimen, expressed as a percent
of the total volume of that specimen. This parameter was determined as per EN 12697-8:2005 using the
formula below

Va =
ρm − ρb

ρm
× 100% (1)

where:

Va>Va—volume of air voids in the bituminous specimen (vol %),
ρm—density of the bituminous mixture (kg/m3),
ρb—bulk density of the bituminous mixture (kg/m3).

2.1.2. Water Sensitivity (ITSR) in Accordance with WT-2 [58]

The test was performed on Marshall specimens 63.5 mm ± 2.5 mm high and 101 mm in diameter.
The compaction procedure consisted of applying 35 blows to each face of the specimen in the
Marshall apparatus.

The prepared specimens were divided into two equal sets before conditioning. One set was stored
at room temperature (20 ± 5 ◦C) without additional conditioning (so-called "dry set"). The other set
(the so-called "wet set") was conditioned according to the WT-2 2014 procedure.

Conditioning of the specimens from the "wet set" began with placing them on a perforated shelf in
a vacuum tank (chamber) filled with distilled water at a temperature of (20 ± 5 ◦C). After immersion,
their upper surfaces were at least 20 mm below the water level. Then the vacuum apparatus was
activated and absolute pressure (6.7 ± 0.3) kPa was obtained within 10 ± 1 min. To avoid damage to the
specimens, the pressure was lowered slowly and evenly, and then maintained for a period of 30 ± 5 min.
After that, the pressure was slowly increased up to the level of atmospheric pressure and then the
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specimens were left in water for another 30 ± 5 min. After removing from water, the dimensions of the
specimens were measured in accordance with EN 12697-29: 2006 and their volumes were calculated.
Specimens that increased their volume by more than 2% were discarded and the degree of water
saturation was determined according to the formula:

Nw = 100× (B−A)/[V − (B−C)]. (2)

where:

Nw—degree of water saturation of the specimen [%],
A—air-dry specimen mass before vacuum saturation [g],
B—specimen mass in air after vacuum saturation, [g] after surface drying,
C—specimen mass in water after vacuum saturation [g],
V—air void content in the sample, expressed as a decimal number.

The specimens with a saturation level above 80% were discarded. If the saturation level was
below 55%, the saturation procedure was repeated. Specimens from the "wet set" were placed in
a 40 ± 1 ◦C water bath for a period of 68 h. After removal from the water bath, the dripping wet
specimens were tightly wrapped in a stretch film and placed in a plastic bag containing (10 ± 1) mL
of water, then sealed and frozen at −18 ± 3 ◦C for a minimum of 16 h, counting from the time the
freezer reached the required temperature. From the freezer the specimens were moved to a 25 ± 2 ◦C
water bath. Shortly after submerging the specimens in water, they were removed from the plastic bags,
unwrapped and quickly placed back in the water for 24 ± 1 h from the time of first insertion into the
water after storage in the freezer. After conditioning, the indirect tensile strength of all the specimens
was determined according to EN 12697-23.

The moisture and frost resistance indicator, ITSR, was calculated using the formula:

ITSR =
ITSd
ITSw

× 100% (3)

where:

ITSd—average indirect tensile strength of air-conditioned specimens,
ITSw—average indirect tensile strength of water-conditioned specimens as per WT-2 2014.

2.1.3. Resistance to Moisture-Induced Damage in Accordance with Modified AASHTO T283 Method

The tests were conducted in accordance with the modified AASHTO T283 method [47,48,50,51]
on Marshall-compacted specimens 63.5 mm ± 2.5 mm high and 101 mm in diameter. The compaction
procedure was modified to obtain 6% to 8% voids. The prepared two sets of specimens differed by
conditioning method. The dry set was air-conditioned at room temperature until testing.

The wet set specimens were placed in a vacuum chamber filled with distilled water. The upper
surface of the specimens was covered by at least 20 mm of water. The pressure in the vacuum chamber
was reduced to reach 6.7 kPa for 30 min. Then the specimens were put to a 40 ◦C ± 1 ◦C water bath
for 68 h. After that, the specimens were wrapped in a plastic foil and frozen at −18 ◦C for at least
4 h, then thawed for 4 h at 20 ◦C. The number of freeze-thaw cycles was 18 as recommended by the
adopted procedure [50,51]. After removal from the freezer, the specimens were submerged in water at
60 ◦C ± 1 ◦C for 24 h.

Directly before conditioning, all the specimens were stored in a 25 ◦C water bath for 3 h. The indirect
tensile strength test at 25 ◦C was run in the universal testing machine at a rate of 50 mm/min. The load
was applied to failure by caps 12 mm in width and with 50.5 mm curvature radius. The loading scheme
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was identical to that used during the indirect tensile strength test. The ratio for moisture-induced
damage RWWM according to the modified AASHTO T283 procedure was calculated from

RWWM =
ITSA

w

ITSA
d

(4)

where:

ITSd
A—average indirect tensile strength of air-conditioned specimens,

ITSw
A—average indirect tensile strength of water-conditioned specimens undergoing a freeze-thaw

cycle as per AASHTO T283,

2.2. Materials and Mix Design Procedure

In the laboratory tests, 5.6%, 5.9%, 6.2% and 6.5% foamed bitumen was used in the HWMA concrete
mixture, as required for the wearing course. [58] The bitumen was a 50/70 paving-grade bitumen, commonly
used in the countries of central and eastern Europe in bituminous mixes for road pavements under traffic
characterized by 2.5 × 106 < ESAL100 kN < 7.3 × 106 (ESAL—equivalent single axle load) [58].

For the use in HWMA, the 50/70 bitumen was modified with fatty acid amide-based SAA in the
amount of 0.6 wt.% (in relation to the mass) of the binder. The SAA properties are summarized in Table 1.

Table 1. Characteristics of the surface-active agent SAA.

Property Unit of Measure Value

Appearance - Brown viscous liquid
Density at 20 ◦C Mg/m3 0.98

Pour point ◦C <0
Viscosity at 20 ◦C mP 3000
Viscosity at 50 ◦C mP 400

Amine index mg HCl/g 159–185
Acid index mg KOH/g <10

Freezing point ◦C <0
Flash point (open flame) ◦C >218

The bitumen containing 0.6% SAA was subjected to water-based foaming. The foam characteristics,
expansion ratio ER [19,29] and half-life HL [19,29], were determined with 9 replicates in the second
stage of the study [59].

Physical properties of the foam were tested in a Wirtgen WLB-10S foaming plant by applying
different foaming water contents (FWC): 1.5%, 2.0%, 2.5%, 3.0% and 3.5% by weight as per [29].

The test results of unmodified and 0.6% SAA modified bitumen are compiled in Table 2.

Table 2. Properties of neat 50/70 and bitumen with 0.6% SAA content.

Property Unit Testing Method Bitumen
50/70 50/70 + 0.6% SAA

Penetration at 25◦C 0.1 mm PN-EN 1426 65.9 70.4
Softening point TR&B

◦C PN-EN 1427 50.4 48.8
Fraass breaking point ◦C PN-EN 12593 −15.1 −14.2

Temperature plasticity range ◦C - 65.5 63.0
Penetration Index - EN 12591 −0.6 1.4

Expansion ratio ER - [19,29] 11 19
Half-life HL s 10 21

Foaming water content FWC % - 2.5 2.5

Figure 1 shows the characteristics of 50/70-grade foamed bitumen after 0.6% SAA modification.
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Figure 1. Characteristics of 0.6 % SAA modified bitumen 50/70.

The 50/70-grade bitumen containing 0.6% SAA has very high foaming parameters. Hence, its use
in the mineral asphalt concrete mixture should ensure that all aggregate particles are well coated.
Detailed results of the study of SAA modified bitumen 50/70 were described in [32].

The basic frame-compositions of the mineral mixture and bituminous mixture are summarized in
Table 3 and the particle size design of AC 8 S is plotted in Figure 2.

Table 3. Composition of AC 8 mineral mixture.

Materials Mineral Mixture
(% m/m)

Bituminous
Mixture (% m/m)

Filler (limestone aggregate) 7.0 6.6
Crushed fine continuously graded aggregate 0/2 mm (limestone) 37.0 34.8

Coarse aggregate 2/5 mm (gabbro) 16.0 15.1
Coarse aggregate 4/8 mm (gabbro) 40.0 37.7

50/70 penetration paving-grade bitumen - 5.6
Total 100.0 100.0
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Figure 2. Grading curve of AC 8 mineral mixture with limiting points as in WT-2 2014 requirements [58].

The research used a variable bitumen contents to determine the effect of the bitumen amount on
asphalt concrete properties in terms of hydrated lime dosing. While increasing the amount of foamed
bitumen from 5.9% to 6.5% according to the experimental design, the grading of the mineral mixture
was adjusted accordingly.

To ensure moisture resistance of the asphalt concrete, hydrated lime was added at 15%, 30% and
45% by weight as a lime filler replacement.
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The AC 8 S mixture was prepared in a heated 60 l mechanical mixer to which foamed bitumen
produced in the WLB-10S plant was added. The composite was mechanically mixed with a stirrer for a
maximum of 5 min. The production temperature of AC 8 S with additives did not exceed 100 ◦C.

The mixture prepared in this way was compacted using the Marshall impact compactor.
The number of impacts was dependent on the test type. After making, the asphalt concrete specimens
were allowed to cool at room temperature for 48 h.

The algorithm for the design of factorial experiments was used [60]. The physical and mechanical
parameters of AC 8 S were determined based on the adopted 4 × 4 factorial design, in accordance with
the testing program. The developed plan of the experiment is shown in Figure 3.
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3. Results and Discussion

3.1. The Effects of the Foamed Bitumen and Hydrated Lime on Air Void Content in Asphalt Concrete

Air voids play an important role in shaping the structure of the bituminous mixture. The amount
of air voids has a large impact on the material properties of asphalt concrete. Too high an air void
content negatively affects moisture resistance and performance under high loads. On the other hand,
the insufficient air void content decreases the resistance of the mixture to permanent deformations
despite being beneficial in terms of moisture resistance. Therefore, when examining new bituminous
materials or their modifications, particular attention should be paid to this parameter. HWMA mixtures
should have an air void content comparable to that obtained by traditional hot-mix asphalts if proper
operation in asphalt pavement and durability are to be ensured.

The air void content of the mixture was studied in accordance with the presented methodology as
per EN 12697-6: 2008. Asphalt concrete AC 8 S should have 2.0% to 4.0% air voids [58]. Test results of
the AC 8 HWMA mixture with 0.6% SAA modified foamed bitumen and hydrated lime are summarized
in Table 4 together with the basic statistical parameters.

Graphic representation of the quantity of hydrated lime and foamed bitumen on the quantity of
air voids Va in AC 8 S is shown in Figure 4.
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Table 4. Statistical values of air void content Va asphalt concrete AC 8 S.

Variables Value of Statistical Parameters of 50/70 Bitumen Properties

Foamed Bitumen
with 0.6 SAA (%)

Hydrated
Lime (%) Max. Min. Mean Std. Dev. Coef. Var. (%)

5.6

0 4.91 4.29 4.67 0.19 4.17
15 3.93 3.06 3.49 0.24 7.00
30 4.90 4.02 4.43 0.34 7.77
45 5.21 4.29 4.54 0.27 6.08

5.9

0 4.21 3.69 3.94 0.19 4.90
15 3.35 2.56 2.95 0.21 7.25
30 3.79 3.22 3.58 0.26 7.26
45 4.11 3.63 3.81 0.17 4.57

6.2

0 2.73 2.37 2.53 0.11 4.58
15 2.28 1.90 2.09 0.12 5.80
30 3.06 2.48 2.68 0.16 6.07
45 3.64 2.76 3.18 0.23 7.42

6.5

0 2.11 1.72 1.89 0.11 6.30
15 1.83 1.45 1.60 0.10 6.39
30 2.74 2.31 2.51 0.13 5.31
45 3.62 3.21 3.44 0.12 3.46
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As the amount of foamed bitumen in AC 8 S mixtures increases to 6.2%, the air void content in
asphalt concrete decreases, which is consistent with the general trend in this respect. However, with
the binder amount of 6.5%, the air void content increases, which results from excessive binder content
in the mix and its segregation. The use of 15%, 30% and 45% hydrated lime to replace mineral lime filler
significantly influences variations in the value of this parameter. The addition of 15% m/m hydrated



Materials 2020, 13, 654 9 of 29

lime reduces the content of air voids, which is certainly the effect of improved adhesion of the mineral
mixture-bitumen interface. Increasing hydrated lime content to 45% m/m leads to an increase in the
air void content. This can be attributed to insufficient amount of binder due to the use of hydrated
lime, which has a larger specific surface area than the lime filler. As a result, compaction of the mixture
becomes difficult and the content of air voids increases [61]. Regardless of the hydrated lime content,
AC 8 S containing 6.2% foamed bitumen has the smallest amount of air voids. This binder content may
impede maintaining adequate resistance to permanent deformations [24,25].

To comprehensively describe the variations in the AC 8 S air void content due to the changed
content of the 50/70 foamed bitumen with 0.6% SAA and hydrated lime content, a statistical model
using a second-degree polynomial [62] was adopted:

Va = b0 + b1x1 + b2x2 + b3x1x2 + b4x1
2 + b5x2

2 (5)

where: x1 = foamed bitumen − FB (%), x2 = hydrated lime − HL (%), b0–b5: regression coefficients
In the first step, a significance test was used with analysis of variance (ANOVA) [63] (Table 5).

Table 5. Statistical significance of the effects of foamed bitumen with SAA and hydrated lime on air
void content in AC 8 S (ANOVA).

Effect
Variable: Va (%); R2 = 0.880; R2 -adj = 0.875; Pure Error MS = 0.040

SS MS F p-Value

(1) Foam. bitum. (%)(L) 81.115 81.115 2018.839 <0.001
Foam. bitum. (%)(Q) 1.870 1.870 46.537 <0.001
(2) Hydr. lime (%)(L) 8.975 8.975 223.377 <0.001
Hydr. Lime (%)(Q) 12.325 12.325 306.760 <0.001

1L× 2L 6.776 6.7760 168.633 <0.001
Lack of fit 10.025 1.003 24.950 <0.001
Pure error 5.143 0.040 - -

Total SS 126.229 - - -

SS—Sum of Squares, MS—Mean Squares; F—Fisher statistic, red font denotes statistical significance with p-value
greater than pre-defined significance level α = 0.05.

Analysis of the parameters listed in Table 5 indicates clearly that the content of foamed bitumen
and hydrated lime is an important factor that has an effect on the air void content in the AC 8 S mixture,
as demonstrated by the p-value being lower than the pre-set significance level α = 0.05 (values in red).
An interaction effect is present between the content of foamed bitumen and hydrated lime, which affect
the air void content in the mixture (p-value less than α = 0.05).

The values describing the parameters of the regression model for the relationship between the air
void content in terms of the amount of foamed bitumen and hydrated lime are summarized in Table 6.

Table 6. Parameters of the model of the relationship between Va of AC 8 S and the amounts of foamed
bitumen with 0.6% SAA and hydrated lime.

Response Effect Regression
Coeff. SE T(128) p-Value –95% Cnf.

Lmt
+95% Cnf.

Lmt

Va
R2 = 0.880

Intercept 68.159 6.791 10.036 <0.001 54.720 81.596

(1) Foamed bitum. (%) (L) −18.425 2.247 −8.199 <0.001 −22.872 −1.978

Foamed Bitum. (%) (Q) 1.266 0.185 6.822 <0.001 0.898 1.6334

(2) Hydrated lime (%) (L) −0.276 0.018 −15.132 <0.001 −0.134 −0.241

Hydrated lime (%) (Q) 0.001 0.001 17.515 <0.001 0.001 0.001

1L × 2L 0.038 0.003 12.986 <0.001 0.032 0.044
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Analysis of the procedure used shows that the value of the adjusted coefficient of determination
R2 is 88% which confirms the adequacy of the model. The amounts of foamed bitumen and hydrated
lime as well as the interaction of these factors have a significant impact on the air void content in
the mixture.

Graphic representation of the variation in air void content in AC 8 S as a function of the amount
of foamed bitumen and hydrated lime is shown in Figure 5.
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Analysis of the results presented in Figure 5 confirms that as the amount of foamed bitumen
and hydrated lime increases, the air void content in the asphalt concrete decreases throughout the
experiment. At the same time, hydrated lime has a significant impact on the assessed parameter in
the range from 5.6% to 5.9% of 50/70 foamed bitumen as it contributes to an increase in air voids;
its recommended content (max. 4.0%) is even exceeded. The increase in foamed bitumen content
in the range from 5.9% to 6.2% has a positive effect on this parameter and enables it to obtain the
recommended values [58]. A further increase in foamed bitumen content to 6.5% results in a significant
air voids reduction to the level below the required level. [58].

3.2. The Effects of the Foamed Bitumen and Hydrated Lime on Moisture Resistance of Asphalt Concrete

In accordance with the adopted research plan, the assessment of moisture and frost resistance of
the AC 8 S mixture with foamed bitumen and hydrated lime was based on the WT-2 2014 procedure [58]
and on the modified AASHTO T283 procedure [50,51]. The test methodology according to the modified
AASHTO T283 method is based on a fairly aggressive asphalt concrete conditioning scheme, which is
to simulate very variable and stringent climatic conditions.

3.2.1. Water Sensitivity According to WT-2 2014

The procedure for assessing water sensitivity of an asphalt mix according to the requirements
of WT-2 2014 [58] has only one freeze-thaw cycle on water-saturated specimens. The basis for the
assessment is the ITSR, which should be greater than 90% for the bituminous mixture designed for
the wearing course to be resistant to moisture and frost. When the mixture is characterized by high
fineness and rather high binder content, this ratio reaches a value greater than 100% [58,64].
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In the first stage of AC 8 moisture and frost resistance assessment, first the indirect tensile strength
ITSd for unconditioned specimens and then ITSw for moisture-conditioned specimens were determined
to WT-2 2014 [58]. The test results are summarized in Table 7 and graphically represented in Figure 6.

Table 7. Values of ITSd and ITSw (WT-2 2014) for AC 8 S mixture; SD—standard deviation,
CV—coefficient of variation.

Variables ITSd (kPa) ITSw (kPa)

Foamed
Bitumen with
0.6% SAA (%)

Hydrated
Lime (%) Mean SD CV (%) Mean SD CV (%)

5.6

0 1122.4 34.63 3.08 1074.0 20.27 1.88
15 1185.7 49.96 4.21 1143.1 35.47 3.10
30 1109.1 14.79 1.33 1076.1 26.03 2.41
45 1058.0 17.44 1.64 1007.9 30.89 3.06

5.9

0 1102.6 16.07 1.45 1065.3 24.64 2.31
15 1143.6 29.49 2.57 1124.3 38.34 3.41
30 1173.1 18.87 1.60 1243.9 42.73 3.43
45 1154.1 38.73 3.35 1136.5 36.91 3.24

6.2

0 1060.4 35.87 3.38 1041.7 31.39 3.01
15 1091.9 34.30 3.14 1102.8 36.24 3.28
30 1124.1 51.05 4.54 1200.2 34.08 2.83
45 1087.8 12.27 1.12 1081.6 14.20 1.31

6.5

0 1016.9 41.12 4.04 1018.6 43.02 4.22
15 1048.8 13.28 1.26 1086.9 10.38 0.95
30 1072.6 48.51 4.52 1172.0 59.15 5.04
45 1051.7 35.98 3.42 1072.6 37.84 3.52
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An increase in the 50/70-grade foamed bitumen content in the AC 8 S mixture lowers ITSd and
ITSw values, which is in line with the general trend in this respect. The use of hydrated lime increases
ITSd and ITSw. With 5.6% binder in the mixture, this relationship only occurs with the addition of 15%
hydrated lime. When its content increases, the value of the analyzed parameter decreases. This may be
due to the high concentration of hydrated lime and a small amount of binder, which stiffens the AC 8 S
mixture. Higher hydrated lime content tends to increase ITSd and ITSw. This trend increases with the
amount of hydrated lime increased to 30%. It is most likely the effect of a favorable improvement of
the binder adhesion to the aggregate and its interaction as a mineral lime filler with very small particle
size [61]. Increasing the hydrated lime content to 45% has a negative effect as a result of introducing too
much fine-grained material and insufficient amount of binder to coat it, leading to excessive stiffening
of the mixture. Attention should be paid to adsorption at the interface between the strongly basic
mineral material (hydrated lime) and the binder, which contributes to a decrease in the content of "free
binder" in the structure of the mixture [61]. This further increases its rigidity and lowers the values of
ITSd and ITSw [40].

Overall, with the binder content of 5.9% and hydrated lime content of 30% in the AC 8 S HWMA
mixture, the indirect tensile strength ITSd and ITSw met the normative requirements of WT-2 2014 [58]
most favorably.

To comprehensively describe the relationship of indirect tensile strength ITSd and ITSw of the
AC 8 HWMA mixture with foamed bitumen 50/70, 0.6% SAA and hydrated lime, the second-degree
polynomial model was adopted. In the first stage of model assessment, the significance test was
performed using ANOVA [63] (Table 8).

Table 8. Evaluation of the effect of foamed bitumen with 0.6% SAA and hydrated lime in asphalt
concrete on ITSd and ITSw.

Effect
Variable: ITSd (kPa); ANOVA; R2 = 0.545; R2 -adj : 0.529, MS = 1121.321

SS MS F p-Value

(1) Foamed bit. (%) (L) 127,467.223 127,467.223 113.675 <0.001
Foamed bit. (%) (Q) 41,745.336 41,745.336 37.228 <0.001

(2) Hydrated Lime (%) (L) 2775.453 2775.453 2.475 0.118
Hydrated Lime (%) (Q) 48,848.483 48,848.483 43.563 <0.001

1L × 2L 28,460.817 28,460.817 25.381 <0.001
Error 64,199.922 6420.002 5.725 <0.001

Total SS 143,529.151 1121.357

Effect
Variable: ITSw (kPa); ANOVA; R2 = 0.539; Adj. R2: 0.523, MS = 1195.067

SS MS F p-Value

(1) Foamed bit.(%) (L) 1.511 1.511 0.001 0.972
Foamed bit. (%) (Q) 669,42.024 66,942.024 56.016 < 0.001

(2) Hydrated Lime (%) (L) 31,816.351 31,816.351 26.623 < 0.001
Hydrated Lime (%) (Q) 238,436.924 238,436.924 199.517 < 0.001

1L × 2L 45,424.441 45,424.441 38.010 < 0.001
Error 173,549.862 17,355.018 14.522 < 0.001

Total SS 152,968.547 1195.131

Analysis of the parameters listed in Table 8 indicates clearly that foamed bitumen and hydrated
lime constitute a factor that has a significant effect on the indirect tensile strength, ITSd and ITSw,
of the AC 8 S, as demonstrated by p-values being less than the pre-defined significance level α = 0.05.
Statistical significance was not observed in the assessment of linear effects of hydrated lime on ITSd

and foamed bitumen on ITSw. Interactions found between the foamed bitumen and hydrated lime
contents also affect the value of this parameter (p-value less than α = 0.05).

The parameters describing the regression model for ITSd and ITSw of AC 8 S as a function of the
amounts of foamed bitumen and hydrated lime are given in Table 9.



Materials 2020, 13, 654 13 of 29

Table 9. Parameters of the model of the relationship between ITSd, ITSw, and the amounts of foamed
bitumen with 0.6% SAA and hydrated lime.

Response Effect Parameter SE t(18) p-Value −95% Cnf.
Lmt

+95% Cnf.
Lmt

ITSd
R2 = 0.545

Intercept −4950.472 1134.541 −4.363 <0.001 −7195.354 −2705.591
(1)Foamed bit. (%)(L) 2144.175 375.427 5.711 <0.001 1401.326 2887.012
Foamed bit. (%)(Q) −189.183 31.006 −6.101 <0.001 −250.532 −127.834

(2)Hydrated lime (%)(L) −11.187 3.057 −3.655 <0.001 −17.225 −5.135
Hydrated lime (%)(Q) −0.083 0.012 −6.600 <0.001 −0.111 −0.061

1L × 2L 2.501 0.496 5.038 <0.001 1.527 3.485

ITSw
R2 = 0.539

Intercept −7271.461 1171.254 −6.208 <0.001 −9588.991 −4953.935
(1)Foamed bit. (%)(L) 2828.033 387.576 7.296 <0.001 2061.142 3594.914
Foamed bit. (%)(Q) −239.576 32.009 −7.484 <0.001 −302.905 −176.233

(2)Hydrated lime (%)(L) −10.082 3.156 −3.193 <0.001 −16.321 −3.834
Hydrated lime (%)(Q) −0.185 0.013 −14.125 <0.001 −0.213 −0.165

1L × 2L 3.161 0.512 6.165 <0.001 2. 141 4.176

The adjusted coefficient of determination R2 of the model for ITSd and ITSw is nearly 53%, which
confirms the adequacy of the model. Both the amount of foamed bitumen 50/70 alone and the amount
of hydrated lime alone have a significant impact on the flexural tensile strength, ITSd and ITSw of the
AC 8 HWMA mixture. An interaction of these factors is observed (p-value is less than the pre-defined
significance level α = 0.05).

Graphic representation of the variation in the ITSd and ITSw values of the AC 8 S mixture in terms
of foamed bitumen and hydrated lime is shown in Figure 7.
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Figure 7. Flexural indirect tensile strength (a) ITSd and (b) ITSw of AC 8 S versus foamed bitumen and
hydrated lime contents; representation of the models describing these relationships. ITSd = −4950.47 +

2144.17FB − 189.18FB2
− 11.18HL − 0.08HL2 + 2.50FB·HL. ITSw = −7271.46 + 2828.03FB − 239.57FB2

−

10.08HL − 0.18HL2 + 3.16FB·HL.

Analysis of the results presented in Figure 6 confirms that with an increase in the amount of
foamed bitumen and hydrated lime, the value of dry tensile strength ITSd as per WT-2 2014 [58] reaches
a maximum at a 6.2% bitumen content in the mixture. At the same time, hydrated lime has a significant
impact on the ITSd in virtually the entire dosing range.

A comprehensive analysis of the results based on the assessment of the relationship presented in
Figure 7 shows that as the amounts of foamed bitumen increase and at hydrated lime increase from
15% to 30%, the wet tensile strength ITSw of the specimens conditioned as per WT-2 2014 increases
significantly [58]. Please note the synergy of hydrated lime and foamed bitumen that significantly
affect the ITSw of the mixture.
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Assessment of the resistance of the AC 8 S mixture to climatic factors according to WT-2 2014 is
based on the ITSR expressed as the ratio of the tensile strength of moisture-conditioned specimen to
the tensile strength of air-conditioned specimen (ITSw/ITSd).

The methodology developed as per WT-2 2014 assumes that the AC 8 S bituminous mixture is
resistant to climatic factors (water and frost) when the ITSR reaches at least 90% [58].

Graphic representation of the ITSR as a function of technology used, the amount of binder, and the
hydrated lime content is shown in Figure 8.
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Figure 8. The ITSR of AC 8 S versus the contents of hydrated lime and 0.6% SAA modified foamed
bitumen at: (a) 5.6%, (b) 5.9%, (c) 6.2%, (d) 6.5%.

Analysis of the test results indicates that the AC 8 S mixture is resistant to moisture and frost in
the entire range of use of 50/70-grade foamed bitumen with 0.6% SAA and hydrated lime—the ITSR
always reaches values higher than 90%. The variation in its value depending on the constituents used
(foamed bitumen, hydrated lime) is analogous to that of ITSd and ITSw.

Overall, it was observed that with 5.9% binder and 30% hydrated lime in the filler, the AC 8 S
asphalt concrete has obtained the greatest increase in the water sensitivity described by the ITSR.
The mixtures with higher binder contents have yielded slightly higher ITSR results; however, the high
bitumen content could be a concern as for the resistance to permanent deformation performance and
cost of such mixtures.

The relationship between the moisture resistance of the AC 8 HWMA mixture with 0.6% SAA
modified 50/70-grade foamed bitumen and hydrated lime was described using the second-degree
polynomial model. In the first stage in the model assessment, the significance test was performed
using ANOVA variance analysis [63] (Table 10).

Analysis of the parameters listed in Table 10 indicates clearly that foamed bitumen and hydrated
lime contents constitute a factor that has a significant effect on the indirect tensile strength ratio ITSR in
the AC 8 S, as demonstrated by the p-values being less than the pre-defined significance level α = 0.05.
No statistical significance was observed only in the case of the quadratic component of the model,
related to the bitumen amount, and of the interaction term.
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Table 10. Evaluation of the effect of SAA modified foamed bitumen with and hydrated lime in asphalt
concrete on ITSR.

Effect
Variable: ITSR (%); ANOVA; R2 = 0.597; R2 -adj = 0.583, MS = 8.969

SS MS F p-Value

(1)Foamed bit.(%)(L) 1077.602 1077.602 120.147 <0.001
Foamed bit.(%)(Q) 15.831 15.828 1.764 0.186

(2)Hydr. Lime (%)(L) 122.404 122.399 13.647 <0.001
Hydr. Lime (%)(Q) 601.278 601.279 67.039 <0.001

1L × 2L 23.327 23.333 2.602 0.109
Error 581.411 8.969 - -

Total SS 3078.169 - - -

The parameters describing the regression model of the ITSR of the AC 8 S as a function of foamed
bitumen and hydrated lime contents are given in Table 11.

Table 11. Parameters of the model of the relationship between ITSR and the amounts of foamed
bitumen with 0.6% SAA and hydrated lime.

Response Effect Param. SE t(18) p-Value −95% Cnf.
Lmt

+95% Cnf.
Lmt

ITSR
R2 = 0.597

Intercept −77.014 101.467 −0.759 0.449 −277.641 123.625
(1)Foamed bit. (%)(L) 51.120 33.576 1.522 0.130 −15.269 117.521
Foamed bit. (%)(Q) −3.681 2.773 −1.328 0.186 −9.161 1.800

(2)Hydrated lime (%)(L) 0.032 0.273 0.112 0.910 −0.513 0.571
Hydrated lime (%)(Q) −0.011 0.001 −8.188 <0.001 −0.009 −0.007

1L × 2L 0.069 0.044 1.613 0.109 −0.023 0.159

The adjusted coefficient of determination R2 is nearly 58%, which indicates the adequacy of the
model. Hydrated lime has a significant effect on the value of ITSR for the AC 8 S HWMA mixture
(p-value is less than the pre-defined significance level α = 0.05). A deviation from the presented trend
exists for the linear relationship between the lime and the linear and squared terms related to the
foamed bitumen content in the mixture.

Graphic representation of the variation in the ITSR value of the AC 8 S mixture in terms of the
contents of foamed bitumen-grade 50/70 and hydrated lime is shown in Figure 9.
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Comprehensive analysis of the results based on the relationships shown in Figure 9 indicates
clearly that the contents of foamed bitumen increasing from 5.9% to 6.5% and hydrated lime increasing
from 0% do 30% have a significant effect of increased ITSR, which corresponds to the resistance of the
AC 8 S mixture to water and frost as per WT-2 2014 [58]. An interaction effect between the hydrated
lime and foamed bitumen provides the mixture with water and frost resistance.

At the same time, it is important to determine the correlation between the air void content Va and
ITSR (Figure 10).Materials 2020, 13, x FOR PEER REVIEW 17 of 31 
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The correlation presented is linear and statistically significant, as the p-value is less than the
pre-defined significance level α = 0.05.

3.2.2. Resistance to Water Damage According to the Modified AASHTO T283 Method

The procedure of assessing moisture and frost resistance according to the modified AASHTO
T283 method consists of subjecting specimens of the bituminous mixture to 18 freeze-thaw cycles.
In comparison with WT-2 (one freezing cycle), this procedure is more severe in terms of exposure of
asphalt concrete to climatic factors. The simulation of the in-service conditions is closer to natural
conditions. Thus, the results of moisture and frost resistance tests according to the modified AASHTO
T283 method represent the behavior of the mixture in real conditions better than those obtained from
the WT-2 2014 procedure.

The moisture-induced damage resistance (AASHTO T283) is reflected in the value of RWwm,
which is defined as the indirect tensile strength of moisture-conditioned specimens divided by the
indirect tensile strength of dry specimens.

In the first step of the assessment of AC 8 S moisture e resistance as per AASHTO T283, indirect
tensile strength tests for dry (ITSd

A) and moisture-conditioned specimens (ITSw
A) were performed,

as shown in Table 12. Graphic representation of the results is in Figure 11.
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Table 12. Summary of the results of indirect tensile strength tests, ITSd
A and ITSw

A (modified AASHTO T283) for AC 8 S.

Variables ITSd
A (kPa) ITSw

A (kPa)

Foamed Bitumen with 0.6% SAA (%) Hydrated Lime (%) X s ν (%) X s ν (%)

5.6

0 940.0 26.26 2.79 747.8 21.79 2.91
15 989.3 32.49 3.28 804.1 13.17 1.63
30 1050.8 50.40 4.79 880.9 44.77 5.08
45 950.5 42.62 4.48 786.3 34.77 4.42

5.9

0 917.3 44.01 4.79 747.1 37.96 5.08
15 953.1 38.55 4.04 793.4 32.36 4.07
30 1024.1 32.00 3.12 872.7 28.04 3.21
45 941.6 35.83 3.80 791.1 24.14 3.05

6.2

0 873.0 38.95 4.46 717.3 31.58 4.40
15 925.4 39.55 4.27 781.2 35.77 4.57
30 967.8 55.74 5.76 832.1 49.00 5.88
45 907.8 37.51 4.13 759.6 31.54 4.15

6.5

0 832.1 32.55 3.91 700.8 25.87 3.69
15 879.9 31.65 3.59 754.9 27.11 3.59
30 913.2 45.50 4.98 796.9 43.36 5.44
45 878.9 40.68 4.62 755.5 32.56 4.30
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(d) 6.5%.

Analysis of the results of flexural tensile strength ITSd
A for the dry-conditioned AC 8 S mixture

indicates that hydrated lime up to 30% increases the analyzed parameter for the HWMA mixture.
Increasing its content to 45% leads to a decrease in ITSd

A. With increasing concentration of the binder
in the mixture, the value of the analyzed parameter decreases, which is consistent with the observations
made so far [33].

It should also be noted that the presented trend of dry indirect tensile strength (modified AASHTO
T283) ITSd

A for the AC 8 S in terms of the applied technology, amount of binder, and hydrated lime
content has the same character as that obtained from the WT-2 2014 procedure [58].

It can thus be concluded that a favorable flexural tensile strength was obtained with the 5.9%
binder content (bitumen 50/70 + 0.6% SAA by weight) and 30% concentration of hydrated lime in the
filler added to the AC 8 S HWMA mixture.

Analysis of the results of the effect of 50/70-grade bitumen content with 0.6% SAA and hydrated
lime on the flexural indirect tensile strength ITSw

A of the moisture-conditioned mixture indicates that
they exhibit the same trend as those from “dry” conditioned specimens.

Overall, the binder content of 5.9% and hydrated lime content of 30% in the AC 8 S HWMA
mixture resulted in a favorable flexural tensile strength.

Comprehensive description of the relationships of ITSw
A of the AC 8 S HWMA mixture with

foamed 50/70 bitumen, 0.6% SAA addition and hydrated lime was prepared using the second-degree
polynomial model. The first stage of the model evaluation involved performing a significance test
using the ANOVA [63] (Table 13).
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Table 13. Evaluation of the effect of foamed bitumen with SAA and hydrated lime in asphalt concrete
on ITSd

A and ITSw
A.

Effect
Variable: ITSd

A (kPa); ANOVA; R2 = 0.618, R2 -adj = 0.605, MS = 1576.415

SS MS F p-Value

(1) Foamed bit. (%) (L) 233,795.134 233,795.134 148.308 <0.001
Foamed bit. (%) (Q) 3208.315 3208.315 2.035 0.156

(2) Hydr. Lime (%) (L) 34,926.742 34,926.742 22.155 <0.001
Hydr. Lime (%) (Q) 120,229.852 120,229.852 76.267 <0.001

1L × 2L 1353.443 1353.443 0.858 0.355
Error 40,506.911 4050.737 2.569 <0.001

Total SS 201,781.103 1576.426

Effect
Variable: ITSw

A (kPa); ANOVA; R2 = 0.598, Adj. R2 = 0.581, MS = 1108.775

SS MS F p-Value

(1) Foamed bit.(%) (L) 62,796.635 62,796.635 56.636 <0.001
Foamed bit. (%) (Q) 2549.425 2549.425 2.299 0.131

(2) Hydr. Lime (%) (L) 69,696.716 69,696.716 62.859 <0.001
Hydr. Lime (%) (Q) 146,593.351 146,593.351 132.212 <0.001

1L × 2L 1.801 1.801 0.001 0.967
Error 47,294.301 4729.446 4.265 <0.001

Total SS 1,141,923.002 1108.811 - -

Analysis of the parameters compiled in Table 13 shows that the contents of foamed bitumen and
hydrated lime constitute a significant factor affecting the indirect tensile strength ITSd

A and ITSw
A

of the AC 8 S, as the p-values are less than the pre-defined significance level α = 0.05. No statistical
significance was observed for the quadratic terms related to the binder effect.

No interaction effects were found between the foamed bitumen content and hydrated lime content.
This can be attributed to the stringent conditioning of the specimens as a result of which this factor did
not show a significant effect on the parameter. Consequently, statistically significant synergy of the
hydrated lime and foamed bitumen did not occur.

The values describing the parameters of the regression model of the response surface for the
indirect tensile strength ITSd

A and ITSw
A of the AC 8 S mixture in terms of the foamed bitumen and

hydrated lime contents are summarized in Table 14.

Table 14. Parameters of the model of the relationship between ITSd
A, ITSw

A, and the amounts of
foamed bitumen with 0.6% SAA and hydrated lime.

Response Effect Parameter SE t(18) p-Value −95% Cnf.
Lmt

+95% Cnf.
Lmt

ITSd
A

R2 = 0.618

Intercept −228.459 1345.211 −0.169 0.86541 −2890.191 2433.271
(1)Foamed bit. [%] (L) 502.201 445.139 1.128 0.26135 −378.582 1382.985
Foamed bit. [%] (Q) −52.446 36.763 −1.426 0.15613 −125.194 20.296

(2)Hydrated lime [%] (L) 3.410 3.625 0.940 0.34859 −3.765 10.583
Hydrated lime [%] (Q) −0.128 0.015 −8.733 < 0.001 −0.161 −0.099

1L × 2L 0.545 0.588 0.926 0.35589 −0.627 1.709

ITSw
A

R2 = 0.598

Intercept −605.351 1128.175 −0.536 0.59249 −2837.641 1626.937
(1)Foamed bit. [%] (L) 502.984 373.321 1.347 0.18025 −235.694 1241.662
Foamed bit. [%] (Q) −46.752 30.832 −1.516 0.13189 −107.763 14.254

(2)Hydrated lime [%] (L) 7.572 3.040 2.490 0.01409 1.566 13.588
Hydrated lime [%] (Q) −0.142 0.012 −11.498 <0.001 −0.175 −0.117

1L × 2L 0.020 0.493 0.040 0.96776 −0.961 0.996

The adjusted coefficient of determination R2 for ITSd
A is nearly 62% and 60% for ITSw

A, which
indicates the adequacy of the models. Hydrated lime has a significant influence on the dry indirect
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tensile strength ITSd
A of the AC 8 S HWMA mixture (p-value is less than the pre-defined significance

level α = 0.05).
Hydrated lime (p-value is less than the pre-defined significance level α = 0.05) has a statistically

significant effect on the indirect tensile strength ITSw
A of the AC 8 S HWMA mixture. However, no effect

of the foamed bitumen content and no interaction between the contents of bitumen and hydrated lime
were observed, which seems to be a consequence of rigorous conditions of specimen conditioning in
the freeze-thaw process.

Graphic representation of the variation in the flexural indirect tensile strength ITSd
A and ITSw

A

of the AC 8 S mixture versus the contents of foamed 50/70-grade bitumen and hydrated lime is shown
in Figure 12.
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Figure 12. Indirect tensile strength after dry conditioning ITS (a) and freeze-thaw protocol as per
modified AASHTO T283 (b) of AC 8 S mixture versus the contents of foamed 50/70-grade bitumen and
hydrated lime and the representation of the model describing this relationship. ITSd

A = −228.459 +

502.201FB − 52.446FB2 + 3.410HL − 0.128HL2 + 0.545FB·HL. ITSw
A = −605.351 + 502.984FB − 46.752FB2

+ 7.572HL − 0.142HL2 + 0.020FB·HL.
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Comprehensive analysis of the results based on the response surface shown in Figure 12 indicates
that increasing the content of foamed bitumen and the content of hydrated lime from 15% to 30% has
a significant effect on the increase in wet indirect tensile strength ITSw

A of the AC 8 S mixture (the
modified AASHTO T283 procedure).

The resistance of the AC 8 S mixture to climatic factors as per AASHTO T283 is assessed based on
the RWWM, which is an ITSw

A/ITSd
A ratio. Calculation results are shown graphically in Figure 13.
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Figure 13. Relationship of the moisture and frost resistance—RWWM according to the modified
AASHTO T283 method for AC 8 S in terms of the technology type and contents of hydrated lime and
foamed bitumen: (a) 5.6%, (b) 5.9%, (c) 6.2%, (d) 6.5%.

According to the methodology developed based on the modified AASHTO T283 procedure,
a bituminous mixture is resistant to climatic factors—moisture and frost—when the RWWM is at
least 80%.

Analysis of the results shows that increasing content of the binder in the AC 8 S mixture increases
the value of RWWM, hence, the resistance to moisture damage. This response was expected and
compliant with the general principles of asphaltic materials technology. The use of hydrated lime
increases the value of this parameter and at 30% lime in the limestone dust, the resistance to moisture,
and frost satisfies the requirements. A further increase in the lime content decreases the value of this
parameter which can be attributed to a significant increase in the specific area of the filler (mineral dust
+ hydrated lime) in relation to the binder content.

A comprehensive description of moisture and frost resistance of the AC 8 S HWMA mixture with
foamed bitumen, 0.6% SAA and hydrated lime was prepared using the second-degree polynomial
model. The first stage of the model evaluation included a significance test using ANOVA variance
analysis (Table 15).
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Table 15. Evaluation of the effect of foamed bitumen with SAA and hydrated lime in asphalt concrete
AC 8 S on RWWM (ANOVA).

Effect
Variable: R (%); ANOVA; R2 = 0.757; R2 -adj : 0.748, MS = 1.021

SS MS F p-Value

(1)Foamed bit.(%)(L) 278.636 278.636 230.195 <0.001
Foamed bit.(%)(Q) 0.151 0.151 0.125 0.724

(2)Hydrated Lime (%)(L) 134.503 134.503 111.120 <0.001
Hydrated Lime (%)(Q) 98.210 98.209 81.136 <0.001

1L × 2L 8.586 8.586 7.093 0.008
Error 36.298 3.629 - -

Total SS 687.124 1.022 - -

Analysis of the parameters presented in Table 15 shows that the contents of foamed bitumen and
hydrated lime constituted a significant factor that influenced the moisture and frost resistance (RWWM

) of the AC 8 S mixture, as demonstrated by the p-values being less than the pre-defined significance
level α = 0.05. This relationship was not observed only for the square term describing the influence of
bitumen content. The existence of interaction between the content of foamed bitumen and hydrated
lime, which influence the analyzed parameter (p-value is less than α = 0.05), is important, as it supports
the use of foamed bitumen and hydrated lime in the mixture.

The value of the adjusted R2 is almost 76%, which indicates the adequacy of the adopted model.
The parameters of the developed regression model of the relationship between the RWWM of the AC
8 S mixture and the foamed bitumen and hydrated lime contents are presented in Table 16.

Table 16. Parameters of the model of the relationship between RWWM and the amount of foamed
bitumen with 0.6% SAA and hydrated lime (modified AASHTO T283).

Response Effect Parameter SE t(18) p-Value −95% Cnf.
Lmt

+95% Cnf.
Lmt

RWWM
R2 = 0.76

Intercept 63.799 37.276 1.712 0.089 −9.907 137.504
(1) Foamed bit. (%) (L) 0.775 12.335 0.063 0.950 −23.615 25.164

Foamed bit. (%) (Q) 0.360 1.019 0.353 0.728 −1.655 2.374
(2) Hydrated lime (%) (L) 0.485 0.100 4.833 <0.001 0.287 0.684

Hydrated lime (%) (Q) −0.004 0.000 −9.009 <0.001 −0.004 −0.003
1L × 2L −0.043 0.016 −2.663 0.009 −0.076 −0.011

Analysis of the parameters listed in Table 16 shows that hydrated lime is a significant factor
influencing the resistance of the AC 8 S mixture to moisture, characterized by the RWWM, as the p-value
is less than the pre-defined significance level α = 0. An interaction exists of the influence of foamed
asphalt and hydrated lime with respect to the RWWM (p-value less then α = 0.05) as per the modified
AASHTO T283 method.

Graphic representation of moisture and frost resistance relationship model—RWWM (AASHTO
T283) of the AC 8 S HWMA mixture in terms of foamed asphalt and hydrated lime contents is presented
in Figure 14 together with the developed model.
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Figure 14. Relationship of RWWM (modified AASHTO T283) of AC 8 S in terms of foamed bitumen and
hydrated lime contents. RWWM = 63.799 + 0.774FB + 0.359FB2 + 0.485HL − 0.003HL2 – 0.043FB·HL.

Comprehensive analysis of the results based on the relationship shown in Figure 12 indicates that
the contents of foamed bitumen increasing from 5.9% to 6.2% and hydrated lime from 15% to 30%
have a significant effect on the RWWM increase, which corresponds to the resistance to moisture and
frost (modified AASHTO T283). Hydrated lime and foamed bitumen interact to provide resistance to
moisture-induced damage.

To assess the effect of hydrated lime and 50/70-grade foamed bitumen with an addition of 0.6%
SAA on the properties of the AC 8 S bituminous mixture, the correlation between the air void content
Va and resistance to water and frost RWWM (Figure 15) was analyzed.Materials 2020, 13, x FOR PEER REVIEW 25 of 31 
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Figure 15. Correlation between air void content Va and moisture resistance as per modified AASHTO
T283 (RWWM) in the AC 8 S bituminous mixture; dotted lines represent 95% confidence interval.

The statistically significant correlation between the air void content Va of AC 8 S and its resistance
to water and frost (RWWM) has a linear character (p-value less than α = 0.05).
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3.3. Optimization of the Foamed Bitumen and Hydrated Lime Contents in the AC 8 S Mixture in Terms of its
Resistance to Moisture and Frost

To determine the recommended amount of foamed asphalt and hydrated lime to obtain the most
favorable parameters characterizing the resistance of AC 8 S to moisture and frost, the following
parameters were analyzed:

• air void content (Va),
• water sensitivity to WT-2 (ITSR),
• moisture-induced damage resistance to modified AASHTO T283 method (RWWM).

Analysis of the relationships between the evaluated properties of asphalt concrete AC 8 S is an
important element in the assessment of the effects of hydrated lime and 50/70-grade foamed bitumen
with the addition of 0.6% SAA. Correlations between these properties are summarized in Table 17.

Table 17. Correlations between AC 8 S parameters.

Variable
Correlations with Correlation Coefficients are Significant with p < 0.05

Va (%) ITSR (%) RWWM (%)

Va (%) 1.000 −0.487 −0.464
p= - p= < 0.001 p= < 0.001

ITSR (%) −0.487 1.000 0.698
p= < 0.001 p= - p= < 0.001

RWWM (%) −0.464 0.698 1.000
p= < 0.001 p= < 0.001 p= -

The main correlation parameter was the air void content Va, which has a significant effect on
other properties of AC 8 S. The correlation values represent most of the results obtained in this
experiment. From the results it follows that they are mostly non-linear or that statistically significant
interactions exist.

The characteristics of the models describing the analyzed relationships of the AC 8 S parameters
in terms of the contents of 50/70-grade foamed bitumen and hydrated lime are presented in Table 18.

Table 18. Parameters of the model describing the properties of AC 8 S with respect to the contents of
50/70-grade foamed bitumen and hydrated lime.

Dependent
Variable

SS Test for the Full Model with Respect to SS for Residuals

Multicrit.
R

Multicrit.
R2

Adjusted.
R2 SS Model MS

Model
SS

Residual
MS

Residual F p

Va (%) 0.908 0.826 0.821 1.043 × 102 26 22 0 165.1 <0.001
ITSR (%) 0.768 0.590 0.578 1.817 × 103 454 1261 9 50.0 <0.001

RWWM (%) 0.62 0.744 0.737 5.115 × 102 128 176 1 101.2 <0.001

To assess the performance of AC 8 S, criteria were adopted, according to which the most desirable
values of the parameters were assigned the performance indicator equal to 1 and the values least
desired: 0. Intermediate values obtained indicators from the range 0 to 1 in the linear relationship.
The used optimization procedure has been described in detail in [65]. The following criteria were
applied for individual parameters of asphalt concrete:

Air void content Va (max: 0, min: 1),
ITSR according to WT-2 (max: 1, min: 0),
RWWM according to the modified AASHTO T283 method (max: 1, min: 0).
Then the values of the utility function of the asphalt concrete were calculated. The approximated

results are plotted in Figure 16.



Materials 2020, 13, 654 25 of 29

Materials 2020, 13, x FOR PEER REVIEW 26 of 31 

 

The characteristics of the models describing the analyzed relationships of the AC 8 S parameters 
in terms of the contents of 50/70-grade foamed bitumen and hydrated lime are presented in Table 18.  

Table 18. Parameters of the model describing the properties of AC 8 S with respect to the contents of 
50/70-grade foamed bitumen and hydrated lime. 

Dependent 
Variable 

SS test for the Full Model with Respect to SS for Residuals  
Multicrit. 

R 
Multicrit. 

R2 
Adjusted. 

R2 
SS 

Model 
MS 

Model 
SS 

Residual 
MS 

Residual F p 

Va (%) 0.908 0.826 0.821 1.043 × 102 26 22 0 165.1 <0.001 
ITSR (%) 

 0.768 0.590 0.578 1.817 × 103 454 1261 9 50.0 <0.001 

RWWM (%) 
 

0.62 0.744 0.737 5.115 × 102 128 176 1 101.2 <0.001 

To assess the performance of AC 8 S, criteria were adopted, according to which the most 
desirable values of the parameters were assigned the performance indicator equal to 1 and the values 
least desired: 0. Intermediate values obtained indicators from the range 0 to 1 in the linear 
relationship. The used optimization procedure has been described in detail in [65]. The following 
criteria were applied for individual parameters of asphalt concrete: 

Air void content Va (max: 0, min: 1), 
ITSR according to WT-2 (max: 1, min: 0), 
RWWM according to the modified AASHTO T283 method (max: 1, min: 0). 
Then the values of the utility function of the asphalt concrete were calculated. The approximated 

results are plotted in Figure 16. 

 

Figure 16. Optimum contents of 50/70-grade bitumen and hydrated lime to ensure water and frost 
resistance of AC 8 S. 

Figure 16. Optimum contents of 50/70-grade bitumen and hydrated lime to ensure water and frost
resistance of AC 8 S.

On the basis of the utility analysis of the approximated values it was found that in order to ensure
the moisture and frost resistance of asphalt concrete AC 8 S, the recommended content of 50/70 foamed
bitumen with 0.6 % SAA should be 6.05 % and that of hydrated lime in the mineral filler 22.5 %.

4. Conclusion

The following conclusions were drawn based on the moisture resistance tests of AC 8 S
HWMA mixture:

• The use of 50/70-grade foamed bitumen with an addition of 0.6% SAA and hydrated lime in
the AC 8 S mixture has a significant effect on its properties. The intensity of the effects of these
constituents varies by parameter.

• Hydrated lime used as a replacement for limestone dust is important for air void content. With up
to 30%, it has a beneficial effect on the air void content regardless of the foamed bitumen content in
the asphalt concrete. When it is used at more than 30%, the trend changes, which can be attributed
to the fact that at higher concentrations hydrated lime impedes compaction due to higher demand
for bitumen as a result of a larger specific area compared to that of the mineral dust.

• Similar relationship is observed in the case of the resistance to moisture and frost, ITSR, determined
to WT-2 2014. The interaction between the contents of hydrated lime and foamed bitumen plays a
role here as they influence this parameter of the mixture.

• Moisture-induced damage test to the modified AASHTO T283 method indicates that 15% and more
hydrated lime used in the mixture composition provides optimum values of this characteristic.
There is also an interaction between the contents of hydrated lime and binder, with a significant
effect on the resistance of the mixture to water and frost (the modified AASHTO T283 method).
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• The authors found the synergy of the hydrated lime and foamed bitumen, depending on their
contents in the asphalt concrete, for ensuring the resistance of the AC 8 S HWMA mixture to
moisture and frost.

• Regardless of the research methods used, resistance to moisture and frost can be ensured by
optimizing the contents of foamed bitumen and hydrated lime in the HWMA mixture.

• Optimization of the AC 8 S HWMA mixture in terms of the evaluated parameters determined the
contents of hydrated lime and foamed bitumen at, considering the dosing tolerance, 30% and 5.9.
The in-service resistance of the pavement wearing course to moisture and frost will be ensured.

The conducted research has proven that correct mixture design permits superior moisture and
frost resistance of the tested AC 8 S HWMA with foamed bitumen. It was shown that incorporation of
hydrated lime as a significant part of the filler fraction (30%) strongly contributed to the performance
of the HWMA mixture when optimum amount of foamed bitumen was used. Despite the high surface
area of the hydrated lime requiring increased amounts of bitumen, the hydrated lime bearing HWMA
mixtures exhibited adequate volumetric performance and increased resistance to frost and moisture
damage tested by the means of different methods. The incorporation of hydrated lime has proven
to be a feasible method for ensuring the adequate performance and durability of the AC 8 S HWMA
mixture with foamed bitumen.
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Design of Pavement Construction in Slovakia. Procedia Earth Planet. Sci. 2015, 15, 3–10. [CrossRef]

55. Jahromi, S.G. Estimation of resistance to moisture destruction in asphalt mixtures. Constr. Build. Mater. 2009,
23, 2324–2331. Available online: http://dx.doi.org/10.1016/j.conbuildmat.2008.11.007 (accessed on 20 August
2019). [CrossRef]

56. Trojanová, M.; Decký, M.; Remišová, E. The Implication of Climatic Changes to Asphalt Pavement Design.
In Proceedings of the XXIV R-S-P seminar, Theoretical Foundation of Civil Engineering (24RSP) (TF◦CE
2015), Samara, Russia, 24–28 August 2015; Elsevier, Procedia Eng: Amsterdam, The Netherlands, 2015;
Volume 111, pp. 770–776. [CrossRef]

57. Judycki, J.; Jaskuła, P.; Pszczoła, M.; Alenowicz, J.; Dołżycki, B.; Jaczewski, M.; Ryś, D.; Stienss, M. Katalog
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