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ABSTRACT 

 

 

The paper describes a research aimed at analysing the performance of mixtures for road 

base and sub-base layers, made with foamed bitumen, cement, recycled and artificial 

aggregate as well as different types of fibres, used in order to enhance adhesion and 

structural properties of the mixes. Reclaimed Asphalt Pavement (RAP), Electric Arc 

Furnace (EAF) steel slag, foundry sand and fly ash were used in the experiment as 

alternative secondary aggregates. A control mixture prepared with quarried natural 

aggregate (limestone) was also studied for comparison purposes. Such Cement-

Bitumen Treated Mixtures (CBTM) were manufactured using 70/100 pen foamed 

bitumen and CEM I 32.5 R Portland cement. Three types of fibres were also 

alternatively added to the mixtures: structural, polypropylene and cellulose/glass fibres. 

The comparative mechanical characterization was based on fatigue resistance (EN 

12697-24), indirect tensile strength (EN 12697-23) stiffness (EN 12697-26) and water 

susceptibility (EN 12697-12). The research permitted to recognize the overall positive, 

but different, contribution of fibres to the performance of mixtures, and define most 

appropriate fibre content and field of application. Moreover, the contribution of the 

different waste materials to the structural properties and durability of the studied mixes 

has been ascertained and new construction solutions have been proposed. 

 

 

  



INTRODUCTION 

 

The foamed bitumen is a cold technology used to build road pavement layers, usually 

the foundation and the base layers. The technology is called “cold” because the 

mixtures can be laid at temperature lower than the traditional one used in the case of 

Hot Mix Asphalt. Some researchers have studied the foaming of bitumen and the 

properties of the mixes manufactured with this technology (Godenzoni et al, 2018; 

Grilli et al, 2016; Arimilli and Jain, 2015; Hailesilassie et al, 2015; Iwański and 

Chomicz-Kowalska, 2013, Jenkins et al, 2012; Jenkins et al, 2007; Pasetto et al, 2004). 

This system has important advantages when used with the recycling philosophy: the 

old pavement is milled and, integrating the grading envelope with virgin (or other) 

aggregates, the Reclaimed Asphalt Pavement (RAP) is blended with the foam bitumen 

and cement and then laid to constitute the layer (Chandra et al, 2013; Godenzoni et al, 

2017). 

The recycling of the materials from industrial process wastes, such as fly ashes and 

steel slags, is a good strategy to improve the performance of the mixtures, to reuse the 

secondary materials and to save the environment (limitation of extraction from quarries 

and reduction of materials disposed to the landfills). The secondary materials can be 

reused to increase the performance of the hydraulic mixes for foundation or base layers 

in the road pavement construction. 

Usually the road foundation layers (sometimes the road base layers in case of low 

traffic) are built using mixes blended only with cement or lime (Pasetto and Baldo, 

2018; Mallick and Hendrix, 2004). The hydraulic binder quantity added to the mix is 

low (about 3 % – 4 % by the weight of the aggregates). In the cement-bitumen treated 

mixtures, the bitumen is added to the mix in a small amount, using the foaming 

machine. The bitumen is sprayed into the mix to create a more elastic layer than the 

one containing only the cement (or lime). In general, the mixtures blended only with 

cement (or lime) assume very stiff behaviour, while mixes bound only with bitumen 

have a more viscoelastic one. The Cement-Bitumen Treated Mixtures (CBTM) have an 

intermediate position between a stiff behaviour and a ductile one (Bocci et al, 2011; 

Pasetto and Baldo, 2014). Increasing the bitumen content, the behaviour of the CBTM 

tends to look like a bituminous mixture (internal cohesion and temperature dependence 

increased), while increasing the cement content the behaviour become stiff, like the 

concrete (stiffness and crack predisposition increased). 

In this work CBTM with recycled and artificial aggregates, foam bitumen, cement and 

fibres were analysed. Some researchers dealt with the use of fibres in the hydraulic 

mixes employed in the bottom layers of the pavement (Grilli et al, 2013; Hoyos et al, 

2011), but the literature is not very extensive in this field. Several studies deal with the 

stabilization of the soil with fibers: polypropylene fibres (Correia et al, 2015; Consoli 

et al, 2010) and coir ones (Anggraini et al, 2015) are used. In the literature even a 

limited number of researches on the cold mixtures with fibres are present: 

polypropylene fibres (Martinez-Arguelles et al, 2015; Kim and Park, 2013) cellulose 

and polymeric ones (Toraldo et al, 2014). However, successful experiences in including 

fibers on HMA (Pasetto et al, 2017) suggest large potential benefits about the fibre 

application into the CBTM. Thus, this paper focuses on CBTM with fibers to evaluate 

the improvement in terms of stiffness and resistance to fatigue. The authors assessed 

also the improvement in the cohesion of the mixes through the indirect tensile strength 

(dry and wet).  

 

 



EXPERIMENTAL PROGRAM 

 

The experimental program is based on the improvement of the CBTM by adding three 

different fibres. The authors prepared three mixes: one with virgin aggregates, coming 

from a quarry, as reference and two with recycled materials (secondary waste process 

materials). The authors used cement and foam bitumen as binders. 

In this paragraph the materials (aggregates, fibres and binders), the procedures and the 

testing equipment, as well as the mix design phase used during the work will be 

explained and described. 

 

Materials 

 

The fibres used are shown in the Figure 1: the first is a cellulose/glass fibre (named 

“C”), the second is a structural fibre (named “S”) and the third is a multifunctional fibre 

(named “M”). 

 

 
Figure 1. Fibre types: a) cellulose-glass fibre (C), b) structural fibre (S) and c) 

multifunctional fibre (M). 

 

The fibre C forms a three-dimensional grid in the mix matrix involving an increase of 

the capacity to absorb deformation energy. The fibre S is based on high density 

polymers and is used to obtain greater stiffness and resistance to cyclic loads. The type 

M is a polypropylene stabilizer fibre which gives an improvement in the tensile strength 

and greater stiffness to the mixes. 

The authors used a cement CEM I 32.5 R Portland type and a 70/100 pen foamed 

bitumen: penetration (EN 1426) was equal to 91 tenths of a millimetre and softening 

point (EN 1427) to 47 °C. 

For this work materials coming from reuse of secondary products were mainly utilized: 

Electric Arc Furnace (EAF) steel slags, foundry sand, fly ash and Reclaimed Asphalt 

Pavement (RAP). The use of marginal materials is largely adopted in the road 

construction sector (Chomicz-Kowalska and Maciejewski, 2015; Pasetto and 

Giacomello, 2014; Papavasiliou and Loizos, 2013; Pasetto and Baldo, 2012; Kavussi 

et al, 2011; Mallick and Hendrix, 2004). Each year the industries and the companies 

produce high amount of waste, particularly steel slags and RAP, that need to be 

disposed: the reuse in the road construction field allows to avoid the landfill disposal. 

These materials need a toxicological characterization because they could contain heavy 

metals, which leach into the soil mainly in the case of reuse in the foundation (or base) 

layers (where the aggregates are not completely covered by bitumen). 

In this paper the toxicological characterization of aggregates was omitted for 

conciseness, but the leaching of aggregates used fell within the legal limits. 



Moreover, the authors utilized the virgin aggregates (limestone) to produce the 

reference mix. All the aggregates (EAF steel slags, foundry sand, fly ash, RAP and 

limestone) were tested to evaluate their physical and mechanical properties (Table 1). 

 

Table 1. Physical and mechanical characterization of the aggregates 

Property Standard Unit  
EAF steel 

slags 
RAP 

Fly 

ash 

Foundry 

sand 
Limestone 

Particle density EN 1097-6 Mg/m3  3.71 2.44 2.07 2.11 2.76 

L.A. coeff. EN 1097-2 %  12.4 - - - 16 

Shape index EN 933-4 %  7.0 3.4 - 1.2 10.3 

Flakiness index EN 933-3 %  8.7 3.0 - 1.4 10.5 

Sand equivalent EN 933-8 %  79 89 60 66 78 

 

Table 1 shows that the properties of the aggregates are very different. The steel slag has 

a high density compared to the other aggregates and exhibits a low L.A. value: it is a 

heavy material with a high resistance to fragmentation and toughness. The value of sand 

equivalent is high for RAP, limestone and steel slag, indicating a high cleanliness. In 

addition, the limestone has a good Los Angeles value. All aggregates show good shape 

and flakiness indexes. All properties fit the value range required by the Italian technical 

specification. 

 

Testing equipment and procedures 

 

The tests were mainly carried out to implement a preliminary study to evaluate the 

CBTM with fibres. In this work the test procedures described into the European 

standards for the hot mix asphalt were used: EN 12697-26 to test the stiffness (Indirect 

Tensile Stiffness Modulus – ITSM), EN 12697-23 for the Indirect Tensile Strength 

(ITS), EN 12697-24 to evaluate the fatigue resistance and EN 12697-12 for the water 

susceptibility. 

In the first step, the samples were produced mixing the aggregates with cement and 

water. Cement and water contents are calculated in relation with the weight of the 

aggregates. After the setting of the foam machine, the bitumen was added to the mix. 

As stated by the European standard EN 12697-30, the samples were compacted using 

the Marshall procedure (75 blows per face). 

After the compaction, the samples were place in a climatic chamber at constant 

temperature (40 °C) and relative humidity (55 ± 5 %) for at least 72 hours: this 

accelerated curing simulates the field curing condition as stated by several researchers 

(Marquis et al, 2003; Kim et al, 2011; Pasetto and Baldo, 2012). 

The Indirect Tensile Stiffness Modulus (ITSM) and the dry Indirect Tensile Strength 

(ITSd) were determined conditioning the samples at 25 °C for 24 hours, while the wet 

Indirect Tensile Strength (ITSw) was evaluated at 25 °C after a water conditioning of 

72 hours at 40 °C. To study the water susceptibility the Indirect Tensile Strength Ratio 

(ITSR) was calculated. The ITSM test was performed using a rise time of 124 ms. 

The fatigue behaviour of the mixes was tested at 25 °C through the Indirect Tensile 

Fatigue Test (ITFT), imposing fixed stress values equal to: 250 kPa, 300 kPa and 350 

kPa. 

 

 

 

 

 



Mix design 

 

For the mix design the grading envelope (Table 2) proposed by Wirtgen (Wirtgen 

GmbH, 2012) was used. Three mixes were produced: the first one as reference mixture 

(called R) and two mixtures (called A and B) with secondary aggregates. 

 

Table 2. Mixture gradations: volumetric design. 

Sieve [mm] 
Passing [%] (volumetric) 

 R  A  B  min. gradation  max. gradation 

20  100.0  100.0  100.0  70.0  100.0 

10  79.7  84.8  81.5  58.0  80.0 

5  56.0  67.9  66.5  45.0  70.0 

2  38.7  49.6  51.6  30.0  55.0 

0.4  20.2  22.8  28.5  15.0  35.0 

0.18  14.4  14.3  15.8  10.0  28.0 

0.075  8.9  6.4  7.1  6.0  20.0 

 

In the Table 3 the mixtures’ composition of the is showed. The main difference between 

the mixes A and B is the introduction of 20% of foundry sand in substitution of RAP 

(Table 3). The reference one was constituted by virgin materials (limestone) coming 

from a quarry in Northern Italy. 

Furthermore, in the reference mix was used a limestone powder as filler, while for the 

other two mixes (A and B) the fine fraction of the fly ash was used. 

 

Table 3. Composition of the mixes (in percentage) by weight. 

Mixes 

 EAF slags Fly 

Ash 

Foundry 

Sand 

RAP Limestone 

 0/10 10/15 15/20 - - - filler 0/4 4/8 8/12 12/20 

R  - - - - - - 8 45 22 15 10 

A  15 10 5 10 - 60 - - - - - 

B  15 10 5 10 20 40 - - - - - 

 

The mix design was conducted using different percentages (from 1% to 3%) of cement 

and bitumen in the mixes. The best composition of the CBTM was verified using 

indirect tensile strength test (EN 12697-23) in relation to the best dry bulk weight of 

the samples (Namutebi et al, 2017). The mix design phase was carried out changing the 

contents of water and binders (cement and bitumen). The aggregates were mixed with 

the cement and the bitumen, using the foaming machine. The water content (4 %) 

necessary for the hydration of the cement was set before the study of the binder content. 

Three CBTM were prepared as result of the mix design phase: one mix with 2% of 

bitumen and 3 % of cement (mix 2 3), one with 3 % of bitumen and 3 % of cement (mix 

3 3) and one with 3 % of bitumen and 1.5 % of cement (mix 3 1.5). 

In addition, the three types of fibre (Figure 1) were put into the mixes. These fibres 

were added to the CBTMs by the weight of the aggregates: 2 % for the fibre C, 0.5 % 

for the other two (S e M). 

 

RESULTS AND DISCUSSION 

 

The tests (ITSM, ITSd, ITSw and ITFT) were done for all the mixes, except for the mix 

B on which the ITFT was not performed yet. 

The ITSM and the ITSd values are showed in two different graphs, while the ITFT 

results (numbers of the cycle before the failure of the specimen vs. the fatigue stresses) 



are displayed in a graph bilogarithmic. In these graphs, the CBTMs are identified with 

a fixed acronym, using an alphanumeric code composed by: a letter for the mix type 

(R, A and B), a number for the bitumen content (2 % or 3%), a number for the cement 

content (1.5 % or 3%) and a letter for the fibre type (C, S and M). 

The mean results for all the mixes are shown in the Table 4, where, from left to right, 

are indicated: the mix type (R, A and B), the bitumen content (2 % or 3%), the cement 

content (1.5 % or 3%), the fibre type (C, S and M), the mean value of stiffness [MPa], 

the mean value of dry Indirect Tensile Strength [MPa], the mean value of the wet 

Indirect Tensile Strength [MPa] and the mean value of the Indirect Tensile Strength 

Ratio [%] (as the ratio of the wet Indirect Tensile Strength (ITSw) and the dry Indirect 

Tensile Strength (ITSd) by percent). 

 

Table 4. Mean stiffness, indirect tensile strength (dry and wet) and ITRS results.  

Mix Bitumen [%] Cement [%] Fiber Stiffness [MPa] ITSd [MPa] ITSw [MPa] ITSR [%] 

R 3 1,5 - 1101 0,30 0,25 84 

A 2 3 - 1737 0,39 0,26 66 

A 2 3 C 1434 0,27 0,18 68 

A 2 3 S 7248 1,10 0,99 91 

A 2 3 M 7615 0,87 0,74 86 

A 3 3 - 2092 0,37 0,26 70 

A 3 3 C 2056 0,32 0,22 70 

A 3 3 S 8055 1,11 0,91 82 

A 3 3 M 8824 1,17 1,03 88 

A 3 1,5 - 7016 0,63 0,50 79 

A 3 1,5 C 7137 0,83 0,64 78 

A 3 1,5 S 8771 0,81 0,68 84 

A 3 1,5 M 7625 0,93 0,76 82 

B 2 3 - 5850 0,56 0,39 70 

B 2 3 C 3382 0,47 0,34 73 

B 2 3 S 8023 0,81 0,66 81 

B 2 3 M 10406 1,18 0,99 85 

B 3 3 - 5696 0,57 0,40 71 

B 3 3 C 4901 0,59 0,46 77 

B 3 3 S 9570 1,22 0,99 81 

B 3 3 M 10019 1,26 1,06 84 

B 3 1,5 - 8949 1,27 1,09 86 

B 3 1,5 C 9879 1,29 1,14 88 

B 3 1,5 S 11600 1,45 1,30 90 

B 3 1,5 M 13435 1,94 1,75 90 

 

The values in the Table 4 demonstrate that the mix B has higher stiffness and ITS 

values, with respect to the mix A and the reference mix R. Inserting the fibre in the 

mixes, the stiffness and the strength values increase, except for the fibre C 

The stiffness growth is high when fibres S and M are added (from 25 % to 317 % and 

from 9 % to 338 % respectively). The increase of ITS values shows a trend similar to 

stiffness: fibres S and M (from 14 % to 199 % and from 48 % to 217 % respectively) 

provide a high gain, with respect to the mixes with no fibres and fibres C. 



Moreover, the CBTMs without fibres show an increase of stiffness and strength 

compared with the reference one (R) as further reported: the mix A reaches a 537 % of 

increment in terms of stiffness and a 108 % in terms of strength, while the mix B has 

best results (713 % in terms of stiffness and 323 % in terms of strength). 

The strength of the samples tested in wet condition (ITSw) decrease with respect to the 

strength in dry condition (ITSd), but the level of the strength in wet condition (ITSw) 

lasts sufficiently high: the ITSR values demonstrate good performance of the mixes 

with fibres in relation to the other one. The CBTMs A and B with no fibres, compared 

to the reference mixtures (R), have a similar behaviour concerning water susceptibility. 

The fibres create a better interlocking effect in the skeleton of the mixes and the water 

susceptibility (in terms of ITSw and ITSR) of mixes with fibres is higher than the 

mixtures without fibres. 

In the Figure 2 the graph with the mean values of Indirect Tensile Stiffness Modulus – 

ITSM in MPa was proposed, while the Figure 3 shows the results of the dry Indirect 

Tensile Strength – ITSd in MPa. These Figures contain the bars with the standard 

deviation values. 

The ITSM value of the reference mixtures is very low if compared to the mixes A and 

B with the same content of bitumen and cement. The Figure 2 confirms the results 

described before: the mixtures with fibres S and M reach a good level of stiffness, while 

the fibre C do not show a reasonable increase with respect to the mixtures with no 

fibres. 

As written before, the ITS values in the Figure 3 have a behaviour similar to the ITSM 

values: the mixes with fibres S and M have a better performance compared to the mixes 

with fibre C and no fibres. However, all the mixes have a strength higher than the 

minimum value required by the Italian specification. 

 

Figure 2. Indirect Tensile Stiffness Modulus - ITSM [MPa] for the mixes. 
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Figure 3. Dry Indirect Tensile Strength - ITSd [MPa] for the mixes. 

 

By adding the fibres S and M, the mixes A and B with a bitumen content from 2 % and 

3 % and a cement content equal to 3 % demonstrate a better performance, in terms of 

stiffness and strength. Whereas, the mixes A and B with 3 % of bitumen and 1.5 % of 

cement exhibit a good stiffness and strength even without the fibres (Figures 2 and 3). 

The statistical significance of the different measured stiffnesses among the mixes was 

assessed through a one-way Analysis of Variance (ANOVA) at a 95% confidence level. 

Comparing the CBTMs A and B with the same cement content, ANOVA output 

indicates that the change of the bitumen content does not have an high effect on the 

behaviour of the matrix skeleton (p-value > 0,05). On the contrary, ANOVA output 

shows that the cement content, comparing the mixes A and B with the same bitumen 

content, affect the stiffness of the mixes (p-value < 0,05). 

Furthermore, the fibre C does not have a statistical significance on the stiffness of the 

mixes: the ANOVA output does not demonstrate a significative difference between the 

performance (in terms of ITSM) of the mixes with and without fibre C. 

The ANOVA outputs confirm that the fibres S and M have a significative statistically 

change on the stiffness for the mixes A and B with a bitumen content from 2 % and 3 

% and a cement content equal to 3 %. In the case of the mixes A and B with 3 % of 

bitumen and 1.5 % of cement the ANOVA results do not demonstrate a significative 

change (p-value > 0,05) in the mix behaviour, except for the mix B with 3 % of bitumen, 

1.5 % of cement and the fibre M (p-value < 0,05). 

The Figures 4, 5 and 6 show the fatigue behaviour for the mixes A. At the moment, the 

fatigue tests result for the mix B is still being assessed. 

To make comprehensible the fatigue data for the mix A, they were subdivided in three 

plots: Figure 4 shows the mixture A with 2 % of bitumen and 3 % of cement, Figure 5 

exhibits the mixes A with 3 % of bitumen and 3 % of cement, Figure 6 contains mixes 

with 3 % of bitumen and 1.5 % of cement. Each Figure includes the fatigue result for 

mix R (as reference). 
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In general, the fatigue results of mix A with no fibre and with fibre C are placed on the 

left on the graph with the reference mixture, both for the mix with 2 % of bitumen and 

3 % of cement and for the one with 3 % of bitumen and 3 % of cement. The mix A has 

a better fatigue behaviour when the content of bitumen is equal to 3 %, the content of 

cement is equal to 1.5 % and no fibres are employed. 

 

 
Figure 4. Fatigue behaviour for the mixes A with 2 % of bitumen and 3 % of 

cement. 

 

 
Figure 5. Fatigue behaviour for the mixes A with 3 % of bitumen and 3 % of 

cement. 
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Moreover, adding the fibres “S” and “M”, the CBTMs become more durable with 

respect to those with fibre C and no fibres. By incorporating the fibres in the mix A 

with 3% of bitumen and 1.5 % of cement, the fatigue results do not change significantly 

if compared to the mix A with no fibres. 

 

 
Figure 6. Fatigue behaviour for the mixes A with 3 % of bitumen and 1.5 % of 

cement. 

 

All CBTMs with fibres “S” and “M” have a reasonable good fatigue resistance, 

indicating a good interlocking effect on the mixtures given by the addition of the fibre. 

The Figure 7 shows the broken samples after the fatigue test: the fibres increase the 

internal resistance and the cohesion/internal adherence of the samples. The inclusion of 

fibres into the CBTMs changes the behaviour of the material from brittle to more 

ductile. 

 

 
Figure 7. Broken CBTM samples after the tests: a) with no fibres, b) with fibre 

“S”, c) with fibre “S” from another perspective. 
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CONCLUSIONS 

 

The present paper concerned the feasibility of utilizing fibres with marginal aggregates 

in cement-bitumen treated mixtures. The lack of investigations about the use of fibres 

in foundation or base layers encouraged the authors to study this topic. 

The experiments were performed to assess the mechanical properties (stiffness, 

strength, water susceptibility and fatigue resistance) of CBTMs with fibres at the typical 

test temperature prescribed for foundation/base layer (25 °C).  

The main conclusions of such research can be summarized as follows: 

 the marginal materials could substitute the virgin aggregates creating noticeably 

better performance of the mixes; 

 in general, the fibres introduction increased stiffness, strength, water and fatigue 

resistance of the CBTMs in a different way, depending to the fibres type; 

 the fibres C (cellulose/glass) did not improve stiffness and strength of the 

CBTMs highlighting their poor efficiency (Toraldo et al, 2014); 

 the fibres S (polymeric) and M (polypropylene) had better performance, 

enhancing the properties of the mixtures, because the shape and the 

conformation of the fibres allowed to create a tough frame with the matrix 

(Martinez-Arguelles et al, 2015; Kim and Park, 2013).  

Overall, this research clearly states that the addition the fibres (mainly polypropylene 

and polymeric ones) led to the enhancing of CBTMs performance thanks to the 

interlocking effect on mixes given by the fibres. 

 

REFERENCES 

 

Anggraini V., Asadi A., Huat B.B.K. and Nahazanan H. (2015). “Effects of coir fibers 

on tensile and compressive strength of lime treated soft soil”, Measurement, Vol. 59, 

pp. 372–381, doi: 10.1016/j.measurement.2014.09.059. 

 

Arimilli S. and Jain P.K. (2015). “Comparison of mechanistic characteristics of 

bituminous mixtures with foamed bitumen and bitumen emulsion for rehabilitation of 

flexible pavements”, Proceedings of the 14th annual International Conference on 

Asphalt, Pavement Engineering and Infrastructure, Al Nageim H., Sadique M. and 

Rasheed A. editors, Liverpool Centre for Materials Technology and Liverpool John 

Moores University, Liverpool, UK, Vol. 14, p. 18. 

 

Bocci M., Grilli A., Cardine F. and Graziani A. (2011). “A study on the mechanical 

behavior of cement-bitumen treated materials”, Construction and Building Materials, 

Vol. 25, pp. 773-778, doi: 10.1016/j.conbuildmat.2010.07.007. 

 

Chandra R., Veeraragavan A. and Krishnan J.M. (2013). “Evaluation of Mix Design 

Methods for Reclaimed Asphalt Pavement Mixes with Foamed Bitumen”, Procedia - 

Social and Behavioral Sciences, Vol. 104, pp. 2-11. doi: 10.1016/j.sbspro.2013.11.092. 

 

Chomicz-Kowalska A. and Maciejewski K. (2015). “Multivariate optimization of 

recycled road base cold mixtures with foamed bitumen”, Procedia Engineering, Vol. 

108, pp. 436-444, doi: 10.1016/j.proeng.2015.06.168. 

 

Correia A.A.S., Oliveira P.J.V. and Custodio D.G. (2015). “Effect of polypropylene 

fibres on the compressive and tensile strength of a soft soil, artificially stabilised with 



binders”, Geotextiles and Geomembranes, Vol. 43, pp. 97-106, doi: 

10.1016/j.geotexmem.2014.11.008. 

 

Consoli N.C., Bassani M.A.A. and Festugato L. (2010), “Effect of fiber-reinforcement 

on the strength of cemented soils”, Geotextiles and Geomembranes, vol. 28, pp. 344–

351, doi: 10.1016/j.geotexmem.2010.01.005. 

 

Godenzoni C., Graziani A., Bocci E., Bocci M. (2018). “The evolution of the 

mechanical behaviour of cold recycled mixtures stabilised with cement and bitumen: 

field and laboratory study”, Road Materials and Pavement Design, Vol. 19, No.4, pp. 

856-877. doi: 10.1080/14680629.2017.1279073. 

 

Godenzoni C., Graziani A. and Perraton D. (2017). “Complex modulus characterisation 

of cold-recycled mixtures with foamed bitumen and different contents of reclaimed 

asphalt”, Road Materials and Pavement Design, Vol. 18, No. 1, pp. 130-150 doi: 

10.1080/14680629.2016.1142467. 

 

Grilli A., Bocci M. and Tarantino A.M. (2013), “Experimental investigation on fibre-

reinforced cement-treated materials using reclaimed asphalt”, Construction and 

Building Materials, Vol. 38, pp. 491-496, doi: 10.1016/j.conbuildmat.2012.08.040. 

 

Grilli A., Graziani A., Bocci E. and Bocci M. (2016). “Volumetric properties and 

influence of water content on the compactability of cold recycled mixtures”, Materials 

and Structures, Vol. 49, No. 10, pp. 4349-4362. doi: 10.1617/s11527-016-0792-x. 

 

Hailesilassie B. W., Hugener M. and Partl N. (2015) “Influence of foaming water 

content on foam asphalt mixtures”, Construction and Building Materials, Vol. 85, pp. 

65–77, doi: 10.1016/j.conbuildmat.2015.03.071. 

 

Hoyos L.R., Puppala A.J. and Ordonez C.A. (2011), “Characterization of Cement-

Fiber-Treated Reclaimed Asphalt Pavement Aggregates: Preliminary Investigation”, 

Journal of Materials in Civil Engineering, vol. 23 (7), pp. 977-989, doi: 

10.1061/(ASCE)MT.1943-5533.0000267. 

 

Iwańskia M. and Chomicz-Kowalskab A. (2013), “Laboratory Study on Mechanical 

Parameters of Foamed Bitumen Mixtures in the Cold Recycling Technology”, Procedia 

Engineering, Vol. 57, pp. 433-442, doi: 10.1016/j.proeng.2013.04.056. 

 

Jenkins K.J., Long F.M. and Ebels L.J. (2007). “Foamed bitumen mixes = shear 

performance?”, International Journal of Pavement Engineering, Vol. 8, No. 2, pp. 85-

98, doi: 10.1080/10298430601149718. 

 

Jenkins K.J., Twagira M.E., Kelfkens R.W. and Mulusa W.K. (2012). “New laboratory 

testing procedures for mix design and classification of bitumen-stabilised materials”, 

Road Materials and Pavement Design, Vol. 13, No. 4, pp. 618-641, doi: 

10.1080/14680629.2012.742625. 

 

Kavussi A., Nejad F.M. and Modarres A. (2011), “Laboratory fatigue models for 

recycled mixes with pozzolanic cement and bitumen emulsion”, Journal of Civil 



Engineering and Management, Vol. 17, No. 1, pp. 98-107, doi: 

10.3846/13923730.2011.553990. 

 

Kim Y., Im S., and Lee H. (2011). “Impacts of Curing Time and Moisture Content on 

Engineering Properties of Cold In-Place Recycling Mixtures Using Foamed or 

Emulsified Asphalt”, Journal of Materials in Civil Engineering, Vol. 23, No. 5, pp.542-

553, doi: 10.1061/(ASCE)MT.1943-5533.0000209. 

 

Kim Y. and Park T. (2013) “Reinforcement of Recycled Foamed Asphalt Using Short 

Polypropylene Fibers”, Advances in Materials Science and Engineering, Hindawi, 

Volume 2013, Article ID 903236, p. 9, doi: 10.1155/2013/903236. 

 

Mallick R.B. and Hendrix G. (2004) “Use of foamed asphalt in recycling incinerator 

ash for construction of stabilized base course”, Resources, Conservation and Recycling, 

Vol. 42, pp. 239–248. doi: 10.1016/j.resconrec.2004.04.007. 

 

 

Marquis, B., Bradbury R.L., Colson S., Mallick R.B., Nanagiri Y.V., Gould J.S. and 

Marshall M. (2003). “Design, construction and early performance of foamed asphalt 

full depth reclaimed (FDR) pavement in Maine” Proceedings of TRB 82nd Annual 

Meeting (CD-ROM), TRB, Washington, DC, p. 24. 

 

Martinez-Arguelles G., Giustozzi F., Crispino M. and Flintsch G.W. (2015) 

“Laboratory investigation on mechanical performance of cold foamed bitumen mixes: 

Bitumen source, foaming additive, fiber-reinforcement and cement effect”, 

Construction and Building Materials, vol. 93, pp. 241–248, doi: 

10.1016/j.conbuildmat.2015.05.116. 

 

Namutebi M., Birgisson B., Guarin A. and Jelagin D. (2017), “Exploratory study on 

bitumen content determination for foamed bitumen mixes based on porosity and 

indirect tensile strength”, Journal of Traffic and Transportation Engineering (English 

Edition), Vol. 4, No. 2, pp. 131-144, doi: 10.1016/j.jtte.2016.11.002. 

 

Papavasiliou V. and Loizos A. (2013). “Field performance and fatigue characteristics 

of recycled pavement materials treated with foamed asphalt”, Construction and 

Building Materials, Vol. 48, pp. 677–684. doi: 10.1016/j.conbuildmat.2013.07.056. 

 

Pasetto M. and Baldo N. (2018). “Re-use of industrial wastes in cement bound mixtures 

for road construction”, Environmental Engineering and Management Journal, Vol. 17, 

No. 2, pp. 417-426, doi:  

 

Pasetto M. and Baldo N. (2012). “Laboratory investigation on foamed bitumen bound 

mixtures made with steel slag, foundry sand, bottom ash and reclaimed asphalt 

pavement”, Road Materials and Pavement Design, Vol. 13, No. 4, pp.691-712, 

doi:10.1080/14680629.2012.742629. 

 

Pasetto M. and Baldo N. (2014). “Experimental analysis of hydraulically bound 

mixtures made with waste foundry sand and steel slag”, Materials and Structures, Vol. 

48, No. 8, pp. 2489-2503 doi:10.1617/s11527-014-0333-4. 

 



Pasetto M., Bortolini G., Scabbio F. and Carta, I. (2004). “Experiments on cold 

recycling with foamed bitumen or bituminous emulsion and cement”. Third Eurasphalt 

& Eurobitume, Vienna, Vol. 1, pp. 494–503. 

 

Pasetto M. and Giacomello G. (2014), “Experimental analysis of waterproofing 

polymeric pavements for concrete bridge decks”, The International Journal of 

Pavement Engineering and Asphalt Technology, Vol. 15, No. 1, pp. 51-67, 

doi:10.2478/ijpeat-2013-0008. 

 

Pasetto M., Pasquini E., Giacomello G., Baliello A., Baldo N. (2017) “High-

performance synthetic microfibers for the structural reinforcement of hot mix asphalts”, 

Proceedings of the 10th International Conference on the Bearing Capacity of Roads, 

Railways and Airfields, BCRRA 2017, Al-Qadi I.L., Scarpas A.T., Loizos A. editors, 

CRC Press/Balkema, London, UK, pp. 1183-1189, doi: 10.1201/9781315100333-172. 

 

Toraldo, E., Martinez-Arguelles, G. and Mariani, E. (2014) “Effect of reinforced fibers 

on stiffness of recycled asphalt half-warm emulsion mixes”, Proceedings of the 3rd 

International Conference on Transportation Infrastructure, ICTI 2014, Losa M and 

Papagiannakis T. editors, CRC Press/Balkema, Leiden, The Netherlands, pp. 53-59, 

doi: 10.1201/b16730-10. 

 

Wirtgen Gmbh (2012). “Cold Recycling. Wirtgen Cold Recycling Technology”. 

Wirtgen GmbH, Windhagen, Germany. 1st edition. http://media.wirtgen-

group.com/media/02_wirtgen/infomaterial_1/kaltrecycler/kaltrecycling_technologie/k

altrecycling_handbuch/Cold_recycling_Manual_EN.pdf. Last accessed January 10, 

2019. 

 


