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Abstract

To reduce the energy consumption and CO2 emissions during asphalt production, several environmentally friendly technologies have been
developed during the last years. One of these technologies is the cold recycling by using foamed bitumen. Foaming the bitumen reduces
the binder viscosity temporarily and increases the volume as well. Homogenous foams are produced by injection of cold water into hot
bitumen. The paper presents the results of laboratory testing of the physical and mechanical parameters of the recycled material using the
foamed bitumen and resistance to the action of water. The tests were performed on the road base mixtures incorporating reclaimed asphalt
pavement (RAP) with foamed bitumen. The aim of the tests was to evaluate the properties of the mixes in terms of the recycled
aggregates. The mixes included aggregates from the recycling of the crushed stone base layer and from the crushed concrete rubble. The
effects of the type of recycled aggregate and amount of foamed bitumen on the air void content, Marshall stability and flow of the
recycled mixtures were investigated. Indirect tensile stiffness modulus (ITSM) was determined at temperature 25 °C. Moreover, the
detrimental effect of water was measured by comparing indirect tensile strength (ITS soaked and unsoaked) and determine tensile strength
retained (TSR) of bitumen stabilized materials. The analysis of the test results allowed to state that if 2.5% foamed bitumen and 2.0% of
Portland cement are used, the recycled road base had the required physical and mechanical properties and moisture resistance.
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1. Introduction

Cold deep recycling with foamed bitumen is used for the processing of a range of mineral materials and reclaimed asphalt or
concrete. The old material is recycled either in cold recycling in plant technology, in which it is removed and transported to
a mobile plant or in cold recycling in situ technology, in which the existing pavement materials are processed in the
recycling machines at the construction site. Currently, an idea of recycling is not only limited to road building, but it is
present in many areas of engineering — for example recycling of waste [1].

The bitumen foaming technology has been introduced for the first time by prof Ladis Csanyi and further developed by
Mobil Oil in the 1960 [2]. Foamed bitumen is a hot bituminous binder that has been temporarily converted from a liquid
state into a foam state by the addition of a small percentage of water and pressurized air [3]. This is mainly a physical rather
than a chemical process. The life of the foam at ambient temperature is very short, measured in seconds. Foaming
characteristics are affected by bitumen type, grade and by additives [4].

Cold recycling using foamed bitumen provides sustainable, cost-effective and environmentally friendly alternative to the
conventional road re-surfacing method with using hot mix asphalt (HMA). Grabowski et al. [5] explained the influence of
selected factors on energy consumption during the HMA production and they defined the level of fuel consumption
depending on aggregate moisture in relation to the organization of HMA production process. Radziszewski et al. [6]
reported that Polish program of construction and re-construction of roads required a large quantity of aggregate. Foamed
bitumen can be used to stabilize a variety of materials, including the reclaimed asphalt pavement (RAP) materials. It can be
used with recycled and marginal materials and applied as base and sub-base layers in pavements [7].
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2. Materials
2.1. Foamed bitumen properties

The foamed bitumen produced on the basis of 85N bitumen was used in the lab tests. The following standard and foaming
parameters were measured: penetration grade (Pen), breaking point temperature (7aass), Softening point temperature (7xre5),
expansion ratio (ER), half-life time (t'2) and foam index (F7). The test results are presented in Table 1.

In this study foamed bitumen was produced using a laboratory mobile foaming plant type WLB 10S, widely used for
bitumen foaming properties testing [8], [9] with the following settings:
e temperature of bitumen (before foaming process) 170 °C;
e foaming water content (FWC) 2.0%;
e air pressure 500 kPa;
e water pressure 600 kPa.

Table 1. Properties of foamed bitumen

Standard parameters Foaming parameters

Pen, 0.1mm Trraasss °C Tres, °C FWC,%  ER T4,S FL s
(EN 1426) (EN 12593) (EN 1427)

81 -13.0 482 2.0 15.08 14.38 185.3

2.2. Active filler

Depending on the type of the material being recycled, different active filler can be added. All available binders can be used,
cement, hydrated lime, fly ash and the combinations of those at various proportions. As the percentage amount of the binder
added is based on the required parameters and the material type, it is specified individually during the mix formulation
design. The binder is also intended to complement the fine fractions less than 0.063 mm. According to the Technical
Guideline TG2 [10], the cement content in Bitumen Stabilized Materials (BSMs) with foamed bitumen (BSM-foam) and
bitumen emulsion (BSM-emulsion) should not exceed of added bitumen quantities. Brown and Needham [11] proved that
application of active filler (lime or cement) improves of mechanical parameters of the cold mixes. Similar findings from lab
research were reported by Hodginson and Visser [12]. Jian Xu et al. [13] concluded that Portland cement is absolutely
necessary to enhance the rate of increase in initial strength and to improve both the moisture resistance and high temperature
parameters of BSM-foam mixtures.

A fly ash Portland cement (CEM II/B-V 32,5R meeting the requirements of EN 197-1 standard) was used in this
investigations as an active additive.

2.3. Mix design procedure

The aim of the laboratory tests was the comparative analysis of mixes with foamed bitumen that differ by the type of the
recycled aggregate reclaimed from the existing lower road construction layers. Currently, the deep cold recycling
technology using mineral-cement-emulsion (MCE) mixtures (acc. to [14]) is popular in Poland. There is no requirement for
foamed bitumen treated materials because this technology is in the development phase. Therefore the mineral recycled
mixtures (Fig. 1) satisfied grading criteria for mixes with foamed bitumen according to the South African and German
guidelines [10], [15].

In the first mix (Mix-1) the material from the crushed stone road base 0/31.5 grade was used, while in the other (Mix-2)
the material from the road base bounded with hydraulic binder (crushed lean concrete). In both mixes the content of RAP
0/16mm grade material derived from the milling of upper bitumen layers was 48%. Dolomite aggregate 0/4 mm was used as
a new material. The bitumen content in the RAP material amounted 5.4% and was determined using the solvent extraction
test according to the European standard EN 12274-2. Recycled aggregates used in this study meet the requirements
according to EN 13055-2. Table 2 presents the composition of the mixtures.

The optimum moisture content (OMC) is essential for good dispersion of the foam in the mix. The water, which satisfied
the requirements of the standard EN 1008 was used as mixing water in the recycled mineral mixes. During the mixing
process, the amount of water added to mixture was approximately ensured 75% of OMC recommended by the Technical
Guidelines [15]. All samples were compacted with 75 blows per side with Marshall hammer. Before mixing of foamed
bitumen with the aggregate, the mineral materials were kept in the oven at 25 °C for two hours, because it is an important
factor affecting on the mechanical properties of the foamed bitumen mixes [16].
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Fig. 1. Particle size distribution in road base mixes with foamed bitumen

3. Results and discussion
3.1. Experimental program

The foamed bitumen in both mixes amounted from 2.0% to 3.5%, with a step of 0.5%. Higher bitumen content results in
greater flexibility of mixes but lower resistance to deformation [17], [18]. The Portland cement was used in the amount of
2.0%, which was determined using multicriteria optimization [19], [20]. The use of higher amounts of active filler in BSM-
foam may induce excessive stiffness of the base layer which in turn may put the upper layers of the pavement at risk of
fatigue and reflective cracking. The cement content is suggested to be limited to 2.0% to ensure favorable mechanical
property and moisture resistance [21].

The aim of the lab tests was to evaluate the properties of the mixes in terms of the recycled aggregates type (crushed
stone, crushed lean concrete) and amount of the foamed bitumen (2.0%, 2.5%, 3.0%, 3.5%). The scope of the tests included
determining the physical, mechanical parameters and moisture sensitivity of the recycled mixes.

The following parameters were analyzed: air void content (V,,), Marshall stability (S) and flow (F), dry and wet indirect
tensile strength (/7Sas, ITSwe:), tensile strength retained (7SR) and indirect tensile stiffness modulus (/7SM) at 25°C (IT-CY
test configuration). The tests were performed on 9 samples for each foamed bitumen concentration level.

To evaluate the influence of the factors in the experiment domain (#ype, amount) on the distribution of the analyzed
parameters, the significance of impact of both factors was performed using the two-way Analysis of Variance (ANOVA).

3.2. Air void content tests
The results of the laboratory tests of the air void content (V,,) with the emphasis on values of the dispersion around the

means are presented in Fig. 2. Table 3 presents evaluate the significance impact of the tested factors (#ype, amount) on the
distribution of the analyzed feature, which was performed using the analysis of variance.
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Fig. 2. Foamed bitumen content versus air void content in road base mixtures
(the error bars represent the standard deviation)

The analysis of the tests results presented in Fig. 2 indicates that the type of the recycled aggregate and the amount of the
applied foamed bitumen in the road base mixes exerted an important impact on the tested parameter.
The highest content of air voids at the lowest content of the foamed bitumen was observed in the mix containing the
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reclaimed material from the crushed stone road base. Excessive air voids content in bituminous layers has a negative effect
on resistance to fatigue and weather conditions (e.g. action of water) [22]. A lower air void values were recorded for the
mixtures containing recycled crushed line concrete. In neither case the maximum allowable value was exceeded, while the
mixtures with the highest concentration of the foamed bitumen (3.5%) did not achieve the minimum value of this feature
(9-16% acc. to [14] and 10-15% acc. to [15]). Air void content depends not only on the type of the aggregate produced
from the existing road pavement layers but also on the size of particular fractions in the mineral mix, which contributes to
the proper filling of the voids and which ensures watertight road base. The presence of higher levels of the gravel fraction
results in the reduced levels of the fine fraction responsible for the filling of void spaces between the coarse aggregate
grains.

The two-way analysis of variance (Table 3) showed that p-value for statistic F for factors fype and amount was less
(p-value < 0.0001) than the assumed significance level (a0 = 0.05). It can then be stated that the kind of the kind of the
recycled aggregates and amount of the foamed bitumen in the recycled mixtures had a significant impact on the distribution
of the tested parameter.

3.3. Marshall tests

The durability of the pavement structure relies heavily on the properties of the road base which provides the relevant load
bearing capacity of the pavement structure and must thus be resistant to the detrimental climatic factors (low winter and
high summer temperature). The Marshall stability design criterion was used to determine the optimum binder content [23].
Currently the optimum foamed bitumen content should be determined on the basis of the relationship between indirect
tensile strength and foamed bitumen content [15].

The evaluation of the recycled aggregate type added to the mixes with foamed bitumen was a significant element of the
evaluation of the road base deformation resistance. Figures below present how the foamed bitumen content of the mixes
with different types of recycled aggregate affects the resistance to deformation. Figures 3a and 3b illustrate the variations in
the Marshall stability (S) and flow (F) respectively. The results of computations performed in the analysis of variance and
related to characteristics in respect to the type of the recycled aggregates and the amount of the foamed bitumen used in the
mixtures are presented in Table 4. The Marshall stability and flow tests were conducted acc. To EN 12697-34 standard.
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Fig. 3. The impact of the foamed bitumen content on Marshall stability (a) and flow (b)

The results from the tests illustrated in the figures above indicate that the type of the recycled aggregate and the amount
of the foamed bitumen in the road base mixes had significant effects on the variation in the Marshall stability and flow.

The results from the tests indicate clearly that the addition of the recycled crushed lean concrete aggregates rises the
Marshall stability value in the road base mixes, compared with the mixes containing the crushed stone recycled aggregate.
All the mixes with the reclaimed lean concrete had stability values greater than the required value (acc. to [14], 8 kN is the
minimum value). The mixes with aggregates produced from the recycled stone base achieved the recommended value only
when they contained 2.5% and 3.0% foamed bitumen. Both mixes reached maximum stability when the content of the
foamed bitumen was 2.5%.

The flow in both mixes varied from 1.6mm to 3.03mm and fitted in the recommended range of 1.0-3.5 mm (acc. to [14]).
Lower flow values were recorded for the mixes with the recycled crushed lean concrete from the existing road base layer. It
may be then concluded that the road base with recycled lean concrete aggregate will be more resistant to deformation than
the mixes containing the reclaimed stone aggregate.
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Table 4. Analysis of variance (two-way ANOVA) results

Feature S F

Source Type Amount Type Amount
Degrees of freedom 1 3 1 3

Sum of squares 265.7665125 158.7262042 3.28106806 9.18102639
Mean of squares 265.7665125 52.90873472 3.28106806 3.06034213
F Ratio 369.78 73.61 73.717 68.81
p-value <0.0001 <0.0001 <0.0001 <0.0001

The p-value obtained in the tests for the statistic F for factors fype and amount is definitely lower (p-value < 0.0001) than
the significance level assumed (o = 0.05). The null hypothesis must then be rejected with a 5% error. This means that the
kind of the recycled aggregates and content of foamed bitumen in the mixtures affect significantly and to a similar degree
the changes of the characteristics being studied.

3.4. Moisture susceptibility

According to the guidelines [10], [15] the indirect tensile strength (/7:Sa+) values are determined from the 100 mm diameter
and 63 mm high specimens after curing time to reach a constant mass. The results obtained after soaking these specimens
for 24 hours at 25 °C are termed /7S,... The ratio of /7S4, and /TS, expressed as a percentage, is the Tensile Strength
Retained (7SR). This procedure is aimed at evaluating the moisture susceptibility of the bitumen stabilized materials.

Figure 4 shows the influence of the foamed bitumen amount in the recycled mixes with different types of recycled
aggregate on variations in the /7S4, and I7Sy... The results of the tests for the moisture susceptibility on the basis of the 7SR
evaluation of the recycled road base with foamed bitumen, recycled lean concrete aggregate mix (Mix-1) and recycled stone
base mix (Mix-2) are presented in Fig. 5. Table 5 shows assess the significance influence (two-way ANOVA) of the tested
factors (type, amount) on the distribution of the tested parameters.

(a) (b)
900
g =
E 2
15 S
5
A 5
E @
400 = mm
& TSy, F TSy
300 . , , EN 300 . . . F IS
2.0 25 3.0 35 2.0 2.5 3.0 35
Bitumen binder content (%) Bitumen binder content (%)

Fig. 4. Relationship between indirect tensile strengths before (/7S4,) and after soaking (/75S,.) and amount of foamed bitumen
in road base Mix-1 (a) and Mix-2 (b)
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Fig. 5. Foamed bitumen content versus tensile strength retained (7SR) of road base mixtures
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The analysis of the test results presented above indicates that the moisture resistance of the road base with foamed
bitumen was significantly affected by the type of the recycled material derived from the existing pavement layers, and by
the amount of the foamed bitumen added to the road base mixtures. The increase in the foamed bitumen content entailed the
increase of the mechanical parameters being tested, that is, the resistance to the detrimental climatic factor (moisture) was
improved.

The mixes containing the crushed stone base had lower /7Sy, values than mixes with recycled lean concrete. All the
mixes in the tests had greater than the recommended minimum value of 225 kPa [10], [15].

The indirect tensile strength values of all the mixes after curing in water were greater than the required minimum value of
100 kPa, as specified in [10], [15]. The recycled road base with recycled lean concrete aggregate showed slightly higher
values of /7S, than the one with recycled crushed stone aggregate did.

The evaluation of the mean values of TSR indicates that all the road base mixes were resistance to the detrimental action
of water, because TSR ratio was higher than the minimum value (70%) recommended by the TG2 guidelines [24]. A higher
moisture resistance was recorded for the mixes with the reclaimed crushed lean concrete. Linear functions, which explain
more than 94% and 89% of the total variance, were used to describe the relationship between the resistance to water TSR
and foamed bitumen content for both mixes (Mix 1, Mix 2).

Summarizing, the tests revealed that the road base produced in the cold recycling technology, with foamed bitumen and
aggregates from the recycled lean concrete waste had better mechanical parameters (/7Say, /TSwe)) and the higher moisture
resistance (7SR) compared to the mixes with recycled stone road base.

Table 5. Two-way (ANOVA) analysis of variance

Feature ITSu ITS et TSR

Source Type Amount Type Amount Type Amount
Degrees of freedom 1 3 1 3 1 3

Sum of squares 4439.48940 472021.002 77591.7356 641013.533 0.11520 0.13050
Mean of squares 4439.48940 157340.334 77591.7356 213671.178 0.11520 0.04350
F Ratio 1.26 44.70 36.59 100.76 952.89 359.81
p-value 0.2654 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Results of the two-way ANOVA revealed the significant effect (p-value < 0.0001) of the kind of the recycled aggregates
in the road base mixes and content of foamed bitumen on change features (/7Sy.;, 7SR) in the experimental range of 2.0% to
3.5%. Whereas there was no significant effect of tested factor (£ype) on the change in the /7Sy, (p-value = 0.2654). It can be
state that the fype of the recycled aggregates used in the road base mixes did not have a significant impact on the distribution
of the tested parameter.

3.5. Indirect tensile stiffness modulus

Stiffness of the bituminous materials can be measured using the indirect tensile stiffness (/7SM) test, which is a non-
destructive method. The stiffness modulus expresses the relationship of stress and strain at a certain temperature and load. In
addition, the visco-elastic characteristics are contained in the expression of stiffness modulus [25]. Foamed bitumen
stabilization increases the stiffness modulus value of the mix compared to the unbound material. The moduli of foam treated
materials are generally lower than those of hot mix asphalt [26], but can approach or exceed those of lime or cement treated
materials [27]. The Universal Testing Machine (UTM-25) was utilized for determining the stiffness modulus of cylindrical
specimens accordance with European standard EN 12697-26. In this lab study stiffness modulus was testing in indirect
shear scheme (IT-CY) with the following settings: test temperature: 25 °C, rise time: 124+4ms, horizontal deformation:
5 um and Poisson’s ratio: 0.35.

5500
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Source Type Amount
agi Degrees of freedom 1 3
s Sum of squares 6142342.60 2188102.80
E Mean of squares 6142342.60  729367.600
F Ratio 18.57 1.789
p-value <0.0001 <0.0001
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Type of mixture Linear regression R?
Mix-1 y=542.60x+2818.1 0.9659
Mix-2 y=576.09x+2339.2 0.8985

Note: y-RM, x-foamed bitumen content

Fig. 6. Foamed bitumen content versus indirect tensile stiffness modulus (/7SM)
of road base mixtures

The analysis of the results from the stiffness modulus tests indicates that the increase in the foamed bitumen regardless of
the recycled aggregate type used in the mixes results in the increase of the parameter being tested. Road base mixes
containing materials from the crushed lean concrete had a higher stiffness modulus compared with the mixes with the
recycled crushed stone aggregate.

According to Wirtgen Cold Recycling Manual [28], the stiffness modulus of the recycled mixes with foamed bitumen
should range from 2500 MPa to 4000 MPa. The road base mixtures with foamed bitumen content in the range of 2.0% to
3.0% reach required values for this type of the mineral material (50:50 RAP/crushed stone blend).

The road base produced in cold recycling with foamed bitumen containing reclaimed crushed lean concrete had the
higher stiffness modulus than that of the road base with crushed stone. In the recycled mixtures (Mix-1, Mix-2) with 3.5%
foamed bitumen content, the RM parameter exceeded the maximum recommended value (4000 MPa).

A linear function was used to describe the relationship between the stiffness modulus and the foamed bitumen content in
the tested mixtures. The values of R? for both mixes were more than 0.90, which indicates that more than 90% variation was
explained by the estimated function.

The results of the Analysis of variance of the tested parameter proves that the amounts of both factors have an important
impact on stiffness modulus of the recycled road base materials. Results, at significance level of 0.05, revealed the
significant influence of the #ype of the recycled aggregates and amount of foamed bitumen on changes of RM parameter (p-
value < 0.001) in the experimental range of 2.0% to 3.5%.

4. Conclusion

Based on the analysis of the test results of the recycled base with foamed bitumen, the following conclusions can be drawn:

o the type of the recycled aggregate as well as the amount of bituminous binder (foamed bitumen) affects the properties of
the recycled road base;

e the increase of the foamed bitumen content in the recycled material to 2.5% improves its Marshall stability; the further
increase in the amount of foamed bitumen causes a decreasing of this parameter;

e the indirect tensile strength (/7Say, 1TSy.) of the road base materials increases with the increase in foamed bitumen
content in the recycled mixtures;

e moisture susceptibility in terms of a tensile strength ratio (7.SR) was higher than the minimum value required for road
base mixtures, which means that they satisfied the basic criterion set for the resistance to the action of water;

e mechanical parameters and moisture resistance of foamed bitumen mixes with reclaimed crushed lean concrete were
considerably higher than of the mixes containing crushed stone base layer;

o the foamed bitumen content and kind of the recycled aggregates in the mixtures have a significant influence on the
changes of the stiffness modulus at 25 °C; the values of RM increased when the bitumen binder content rised;

o the two-way factorial analysis of variance revealed a significant effect of the type of the recycled aggregates and amount
of foamed bitumen on the properties of the recycled road base;

e the addition of 2.5% foamed bitumen and 2.0% Portland cement to the recycled road base materials results in ensuring
their most advantageous mechanical characteristics;

o the RAP content of 48% has a positive influence on the road base resistance to moisture ensuring proper stiffness and
durability to deformation at the same time;

o the foamed bitumen treated road base mixes that incorporate recycled crushed lean concrete guarantee better parameters
in terms of moisture resistance compared with to the mixes containing material from the crushed stone base layer.
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