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This paper uses the Saturation Ageing Tensile Stiffness (SATS) conditioning to evaluate the 

combined effects of moisture and oxidative ageing on the rheological characteristics of the Fine 

Aggregate Matrix (FAM) portion of various Foamed Bitumen Mixtures (FBMs) in combination 

with Reclaimed Asphalt Pavement (RAP) material. These FAM materials were produced at 

mixing temperatures of 90, 120 and 160oC (i.e. half-warm, warm and hot processes, respectively). 

A fine Hot Mix Asphalt (HMA) with RAP – no foamed bitumen – was also manufactured for 

control purposes. The rheological properties of these fine mixtures were determined through 

Dynamic Mechanical Analysis (DMA) tests on specimens tested in their unconditioned and after 

SATS conditioning states. Rheology of the recovered binders of the four FAM mixes before and 

after SATS conditioning was also studied, and rheological parameters were used to link their 

long-term performance in terms of cracking susceptibility. The results showed an overall increase 

in the stiffness of the fine mixtures after the conditioning process, mainly due to oxidation of the 

bitumen. Although the half-warm and warm fine RAP-FBMs exhibited the highest increase in 

their complex shear modulus after SATS conditioning, rheological analysis of their corresponding 

binders indicated that their long-term performance in terms of cracking susceptibility might be 

superior to those of the hot RAP-FBM, and the HMA-RAP fine mixtures.  
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1. Introduction 

Foamed bitumen is a road construction technique where the bitumen is heated at high 

temperatures (i.e. usually between 140 – 160oC) and then foamed by combining it with 

cold water during mixture production. In its foamed state, the bitumen presents an 

increased volume that is up to 20 times its original volume, and lower viscosity than the 

same bitumen in its liquid state (Csanyi, 1957, Jenkins et al, 2000). These two conditions 

allow coating of aggregates at lower temperatures than those typically used for Hot Mix 
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Asphalt (HMA) production with good workability conditions (Mallick et al., 2004). In 

addition, since only the bitumen is heated at high temperatures, this technique provides 

significant energy savings compared to traditional HMA (Bowering and Martin, 1976, 

Jenkins et al., 1999). This process is generally used for stabilisation of various types of 

materials, which include Reclaimed Asphalt Pavement (RAP) (i.e. cold recycling), and it 

can be accomplished in a central plant or can be applied on-site.  

RAP materials are distressed asphalt pavements that have reached the end of their 

service lives, and are reclaimed to be used as part of the construction of new pavement 

structures, or rehabilitation of existing ones. The incorporation of this material in HMA 

reduces the amount of virgin bitumen and aggregates added to the final mixtures and, 

therefore, contributes to the conservation of natural and non-renewable resources 

(Copeland, 2011).  

With the increasing experience in the use of FBMs and RAP materials in road 

infrastructure projects, it is natural for pavement engineers to combine these two 

technologies moving towards more sustainable road construction practices. In this sense, 

the advantages of using foamed bitumen technology along with RAP material include: 1) 

aid in compaction and workability of the recycled mixtures due to the viscosity reduction 

of the foamed bitumen, and 2) reduced RAP binder ageing due to lower production 

temperatures (D’Angelo et al. 2007). However, as any bituminous material used as part 

of surface courses, these mixtures are exposed in the field to the presence of moisture and 

oxidative ageing, which can result in loss of the durability of flexible pavements. 

A number of studies in the literature have investigated the moisture susceptibility 

or oxidative ageing of asphalt mixtures containing high RAP content (e.g. Karlsson & 

Isacsson 2006; Mogawer et al. 2012; Tran et al. 2012, Tarbox et al. 2012, Yin et al. 2017) 

and in foamed bitumen mixtures (FBMs) produced by direct water injection (e.g. Kim et 

al. 2012, Oyebisi, S 2014, Newcomb et al. 2015, Abbas et al, 2016, Kavussi et al. 2017, 

Raab et al, 2017). However, only a few research efforts have investigated the effects of 

these phenomena on recycled mixtures with foamed bitumen. In terms of moisture 

susceptibility, some of these efforts include the work by Shu et al. (2012) and Zhao et al. 

(2012) who found that with the incorporation of high RAP content, foamed bituminous 

mixtures exhibited satisfactory moisture resistance compared to a control mixture 

containing RAP with no foamed binder. In these studies, the authors attributed the 

beneficial effect of RAP on moisture resistance of the asphalt mixtures to stronger 

bonding of aged bitumen and aggregate particles, compared to that of the virgin bitumen 
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and aggregate particles system, which renders the whole mixture to be less susceptible to 

moisture damage. In the study by Kusam et al. (2016), the authors evaluated the moisture 

susceptibility of FBMs with RAP content up to 40% and found that at 40% RAP, the 

Tensile Strength Ratio (TSR) (i.e. the retained tensile strength of the mixture after a 

moisture conditioning process) was below the passing criterion of 85%. Thus, the authors 

recommended adding antistripping additives to enhance the moisture sensitivity of the 

final mixtures. 

In another study, Palha et al. (2015) evaluated the water susceptibility of foamed 

mixtures containing 50%RAP produced at 134, 138 and 160oC, and a control mixture 

containing 50%RAP with no foamed bitumen, produced at 160oC. In this study, only the 

coarse fraction of the RAP material was heated together with the virgin aggregates to 

achieve the different mixing temperatures, while the fine RAP fraction was introduced at 

ambient temperature to mitigate further ageing of the RAP bitumen. In all cases, bitumen 

was foamed at 160oC. The results showed that all recycled mixtures with foamed bitumen 

exhibited better moisture susceptibility resistance compared to the control mixture, which 

was attributed to improved workability of the former mixtures.  

In terms of ageing, only the work by Perez-Martinez et al. (2017) was found to 

study the mechanical properties of a FBM containing 50%RAP and those of a HMA (i.e. 

no foaming technique) containing 50%RAP after being subjected to a laboratory ageing 

procedure. The authors monitored the change in the complex modulus of the mixtures 

with ageing and, among other results, found that the overall ageing evolution of both 

types of mixtures was similar.  

As observed, the effects of ageing and moisture in mixtures with FBM and RAP 

is an area that requires further study since the results from previous works are still 

inconclusive. In addition, the combined impact of ageing and moisture in RAP-FBMs, 

which is relevant because it represents more realistic conditions of the processes that 

occur in the asphalt mixtures during their service life, has not been studied yet. 

 

2. Objective and methodology 

The objective of this study is to evaluate the combined effects of water and 

oxidative ageing on the linear viscoelastic properties of the Fine Aggregate Matrix (FAM) 

portion existing within various FBMs that incorporate 50% fine RAP material. The FAM 

mixtures were produced by direct water injection and manufactured at different 

production temperatures. Although the use of foamed bitumen by direct water injection 
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with RAP material has been generally regarded as cold processes (i.e. foamed bitumen is 

sprayed onto the RAP material which is in a cold moist form), in this work hot foamed 

bitumen was combined with fine virgin aggregates and fine RAP material that were pre-

heated at different temperatures to achieve final mixing temperatures around 90, 120 and 

160oC, since it has been demonstrated that temperature is a key variable influencing the 

mechanical response of the RAP-FBMs (Sánchez et al, 2019). A control fine HMA 

mixture with 50% fine RAP – no foamed bitumen – was also manufactured for 

comparison purposes.  

FAM materials, also known as asphalt mortars, are herein defined as the blend of 

fine aggregates (particles below 1 mm), mineral filler and bitumen. The maximum 

aggregate size of these materials was selected after reviewing existing literature, in which 

this value ranges between 1.18 and 2.36 mm (Masad et al., 2006, Caro et al., 2008, 

Valenta et al., 2010, Underwood & Kim, 2013, Klug et al., 2018), as well as the sieve 

sizes currently used in the UK. The FAM material is particularly relevant in the 

mechanical response and performance of the full asphalt mixtures since it corresponds to 

the mortar that provides the bond between the coarse aggregates. However, since 

aggregates are hydrophilic materials—meaning that their affinity for water is greater than 

for bitumen—the presence of moisture tends to modify the properties of this matrix and, 

ultimately, to weaken their bonds with the coarse aggregates, accelerating the deterio-

ration of the asphalt mixture (Caro et al., 2008, Tong et al., 2015, Vasconcelos et al., 

2011). Furthermore, FAM materials contain high amounts of bitumen, which is mainly 

responsible for the stiffening of the asphalt mixtures during oxidation. Thus, the study of 

the environmental-related effects on these fine materials provide useful information about 

the durability of the corresponding full asphalt mixtures.  

Although, FAM studies do not replace those conducted on full mixtures, this 

approach has gained popularity within the last fifteen years as it has been recognised that 

some deterioration processes, initiate and propagate within this fine matrix (Montepara 

et al. 2011). Thus, it is believed that tests conducted on FAM materials provide an initial 

indication of ways the phenomena would manifest in the corresponding asphalt mixture 

(Underwood & Kim, 2013). Furthermore, the study at this scale is practical because given 

the homogeneity of the FAM material and the size of its components, it is possible to 

obtain the viscoelastic properties by means of testing small cylindrical samples with the 

use of a rheometer (a high precision equipment), at reduced costs, due to the significant 
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decrease in the amount of time and materials required for the experiments. Details about 

the design, fabrication and testing of the FAM mixtures is presented in a later section. 

The combined environmental conditioning of the fine mixtures was achieved by 

applying the Saturating Ageing Tensile Stiffness (SATS) protocol. SATS is the first 

experimental procedure developed to combine both ageing and water damage 

mechanisms in a single laboratory test protocol. The procedure has been successfully used 

to reproduce in the laboratory the loss of stiffness observed in asphalt mixtures in the field 

(Collop et al, 2004), and has been shown to correctly predict the susceptibility of 

bituminous mixtures to moisture damage processes, being able to distinguish between 

good and poor performing aggregate types (Collop et al., 2004, Airey et al., 2005, 

Grenfell et al, 2012).  

The impact of the environmental effects was further studied on the linear 

viscoelastic properties of the recovered binders of all the FAM mixtures before and after 

being subjected to SATS conditioning. It is noteworthy to mention that it is the first time 

that the SATS conditioning protocol was used to evaluate the combined effects of 

moisture and laboratory ageing on FAM materials. Thus, the advanced experimental plan 

proposed in this work constitutes a novel and relevant contribution in the effort for 

assessing the influence of environmental-related effects on the mechanical response of 

fine RAP-FBMs.  

3. Design of FAM materials and characteristics of the fine RAP-FBMs 

The initial step in the design of the fine RAP-FBMs consisted of determining their 

gradation, which was derived from the gradation of the full asphalt mixture, a 0/14 mm 

size closed graded surface course based on the British Standard BS 4987-1:2005. Then, 

the FAM gradation was determined by normalising the fine particles to 1mm. Figure 1 

shows the gradations of the full HMA mixture and of the corresponding FAM material. 

Limestone aggregates were used for all mixtures. Bitumen content for all the FAM 

mixtures was determined by means of a theoretical approach, which consisted of 

computing the volume of bitumen required to coat the fine particles using the volumetric 

properties of the full asphalt mixture (Masad et al, 2008). Based on this procedure, the 

bitumen content for FAM materials was 10.7% by mass of the total FAM mixture.  
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Figure 1 Gradation of the HMA and FAM mixtures 

 

Initially, a FAM loose mixture with this gradation and bitumen content was 

produced using a 50/70 pen grade virgin bitumen. In order to characterise this bitumen, 

penetration at 25°C (BS 2000-49:2007), softening point (BS 2000-58:2007) and Fraass 

breaking point (BS 2000-80:2007) tests were performed. This FAM loose mixture was 

used to artificially produce the fine RAP material used for the preparation of the fine 

HMA-RAP and all the RAP-FBM fine mixtures. The procedure was based on previous 

studies conducted by Oke (2011), who conducted a comprehensive study that 

demonstrated the feasibility of this method to reproduce RAP material in the laboratory, 

and consisted of subjecting the loose mixture to heat in the oven for 32 hours at 105oC. 

The advantage of using laboratory produced RAP material instead of actual RAP is that 

it allows the characteristics (i.e., aggregate gradation, bitumen content and its properties) 

of the material to be controlled. This reduces the variability commonly related with plant 

produced RAP material. The same tests to characterise the virgin bitumen were performed 

on the recovered bitumen from the fine RAP material. The properties of both binders are 

presented in Table 1. 

 

Table 1 Properties of the virgin bitumen and recovered bitumen from RAP 

Bitumen 
Penetration at 25oC 

(dmm) 

Softening Point 

(oC) 

Fraass breaking point 

(oC) 

Virgin bitumen 66 48 -8 

Recovered RAP bitumen 31 59 -8 

 

To account for the impact of the hard bitumen present in the fine RAP material, 

the fine mixtures were produced using a soft penetration grade bitumen, whose targeted 

properties were determined using the European blending laws (EN 13108-8:2005). For 
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the purpose of this study, the properties of the required soft virgin bitumen were 

determined with the objective of obtaining an effective blended bitumen in the fine HMA-

RAP and fine RAP-FBMs close to 50/70 pen. Table 2 shows the properties of each 

component of the final bitumen blend. 

 

Table 2 Bitumen blend design for FAM mixtures with 50% RAP content. 

Bitumen Penetration at 25oC (dmm) Softening Point (oC) 

Virgin bitumen 141 37 

Recovered bitumen* 31 59 

Expected final bitumen blend 66 48 

*Recovered bitumen from the lab produced fine RAP material 

Based on this blend design, a virgin bitumen of 133 dmm penetration at 25°C, 

softening point of 41°C - which are within the required values calculated in Table 2 -, and 

Fraass breaking point of −14°C, was used as the soft virgin bitumen in the fine HMA-

RAP mixture, and was foamed to produce the fine RAP-FBMs. 

The foamed bitumen used for the fabrication of the fine RAP-FBMs was produced 

using the Wirtgen WLB 10 laboratory foaming plant. In this procedure, foamed bitumen 

is generated by combining hot liquid bitumen with a controlled amount of cold water 

under high pressure in the expansion chamber of the foaming unit. Once foam is 

produced, it is sprayed directly from a special nozzle onto the fine RAP material and fine 

virgin aggregates. Foaming was performed by adding 3% water content to hot liquid 

bitumen heated at 160oC.  

Three fine FBMs containing 50% fine RAP material (Foamed-RAP fine mixtures) 

using three different mixing temperatures of 90, 120 and 160oC for half-warm, warm and 

hot applications respectively, were produced. In these mixtures, the virgin bitumen was 

heated at 160oC despite the variations in mixing temperatures, for foaming purposes. 

Thus, only the temperature of the fine RAP material and fine virgin aggregates was 

changed to achieve the final mixing temperature of the mixtures (i.e., 90, 120, and 160oC), 

as shown in Table 3. It should be noted that the temperature of the constituent materials 

in the Foamed-RAP fine mixtures is higher than the target final mixing temperatures, to 

account for any heat loss during production of these fine mixtures, as specified in Table 

3. A fine HMA-RAP control mixture (i.e., no foaming technology) with 50% fine RAP 

material, produced at 160oC, was also manufactured.  

In order to maintain the desired temperature of the fine aggregate particles for the 

three fine Foamed-RAP mixtures during mixing, a heated mixer was adapted to the 
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foaming unit of the Wirtgen WLB 10, as suggested in the study conducted in the NCHRP 

Report 807 (Newcomb et al., 2015). For the fine HMA-RAP mixture, hand mixing was 

performed until the fine aggregates were fully coated. The amount of fine RAP material 

required for each mixture was heated up to the corresponding temperature (Table 3) for 

6 hours prior to its incorporation with the virgin materials.  

 

Table 3 Temperatures of the constituent materials for the FAM mixtures produced 

Mixture type 
Bitumen 

T [oC] 

Fine virgin 

aggregates T [oC] 

Fine RAP 

T [oC] 

Mixing 

T [oC] 

Fine HMA-RAP 160 160 160 160 

Fine foamed-RAP 90C 160 110 110 90 

Fine foamed-RAP 120C 160 140 140 120 

Fine foamed-RAP 160C 160 180 160 160 

4. Experimental procedures  

This section describes the FAM mixtures’ production, the SATS conditioning protocol 

adapted for FAM materials, and the testing procedures followed to determine the linear 

viscoelastic properties of the fine RAP-FBMs and their recovered binders.  

 

4.1 FAM specimen preparation 

Initially, one cylindrical specimen for each FAM mixture with dimensions of 100 mm in 

diameter by 60 mm in height was compacted in the laboratory using the Superpave 

gyratory compactor (SGC) following the BS EN 12697-31:2007 (Figure 2a), following 

the procedure proposed by Masad et al., 2016. For this study, the specimens were 

compacted targeting a density of 2056 kg/m3, which corresponds to a target air void 

content of the compacted FAM specimens of 10%; a typical value used in existing studies 

that focus on this material (Masad et al., 2008, Sánchez et al., 2017). It should be noted 

that all the fine mixtures reached the targeted values and were workable at the various 

production temperatures. Then, the top and bottom parts of the 100 mm diameter SGC 

FAM specimen were trimmed to obtain a specimen of 50 mm in height, and four 

cylindrical samples of 50 mm in height by 12.5 mm in diameter were extracted from the 

centre of the SGC core using a coring barrel (Figure 2b). These samples were retained for 

Dynamic Mechanical Analysis (DMA) testing for the ‘initial’ or ‘control’ condition (i.e. 

prior to environmental conditioning). 
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                                a)  b) 

 

Figure 2 FAM specimen preparation: a) SGC specimens, and b) cored cylindrical samples for 

mechanical testing for the initial condition 

 

4.2 SATS conditioning procedure  

The SATS test was developed at The University of Nottingham by Collop et al. (2004) 

and Airey et al. (2005), and is based on the principle of combining ageing with moisture 

conditioning by ageing compacted asphalt mixture specimens at an elevated temperature 

and pressure in the presence of moisture. A pressure vessel is used to hold five specimens 

of 100 mm in diameter by 60 mm in thickness in a custom-made container as shown in 

Figure 3. In this figure, P1, P2 etc. refer to the position of the specimens in the vessel.  

 

Figure 3 Schematic of the specimens in the SATS pressure vessel and specimen tray 

(modified after Airey et al. 2005) 

 

During the test, the water in the pressure vessel condensates on the underside of 

the top lid causing ‘dripping’ onto the top specimen. There is then a cascading effect 

where smaller amounts of water progressively ‘drip’ onto the specimens below, resulting 
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in a decrease in the retained saturation level for specimens that are located lower down 

inside the pressure vessel (Grenfell et al., 2012). For the purpose of this study, the SATS 

procedure developed by Collop et al. (2004) and Airey et al. (2005) was adapted for FAM 

materials, as follows: 

1. The dry mass of the cored SGC specimen is determined. 

2. The cored specimen is then immersed in distilled water at 20oC and vacuum saturated 

using a residual pressure of 65 kPa for 30 min. 

3. The wet mass of the specimen is determined, and the percentage saturation is 

calculated, referred to as ‘initial saturation’. The specimen is then wrapped in a wire 

mesh to avoid slump during conditioning (Figure 4a). 

4. The SATS pressure vessel is partially filled with distilled water until the level is 

between the fourth and fifth position (P4 and P5 in Figure 3). The pressure vessel and 

the water are maintained at the target temperature of 85oC for at least 2h prior to 

introducing the specimens.  

5. The saturated asphalt specimen is then placed into the pressure vessel, in the top 

position of the specimen tray (P1 in Figure 3). Although the standard SATS test holds 

five cores at a time, as explained previously, for the purpose of this study, and since 

only one SGC specimen is manufactured per FAM mixture, the top position was 

selected to place the FAM specimen for each fine mixture (Figure 4b), as it is the 

most critical due to the moisture flux processes within the container. This means that 

no specimens were placed in the P2-P5 positions of the specimen tray. The vessel is 

then sealed and the air pressure is gradually raised to 2.1 MPa.  

6. The specimen is maintained at these testing conditions (i.e. 2.1MPa and 85oC) for 65 

hours. 

7. After 65h, the target vessel temperature is reduced to 30oC and the vessel is left to 

cool down for 24h. When the temperature has decreased to 30oC (after the 24h 

cooling period), the air pressure is gradually released. When the vessel has achieved 

atmospheric pressure, it is opened and the specimen is removed. The specimen is 

then surface dried and weighed in air. The percentage saturation calculated at this 

stage is referred to as the ‘retained saturation’. 

Once the conditioning process was finished, four cylindrical samples of 50 mm in 

height by 12.5 mm in diameter were extracted from the outer part of the specimen 

avoiding contact with the already cored holes (Figure 4c), using a coring barrel. These 

samples were retained for DMA testing for the ‘final’ condition (i.e. environmental 
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condition). The decision to extract the small cylindrical samples from the SCG core after 

SATS conditioning was to avoid potential disintegration of the small individual 

specimens if placed directly in the SATS during the conditioning process.  

Thus, the conditioning procedure involves the same method to the standard testing 

conditions (Collop et al. 2004, Airey et al. 2005) except that only one FAM SGC 

specimen was conditioned at the P1 position, and eight small cylindrical FAM samples 

were obtained afterwards for further DMA testing (i.e., four to be tested before 

conditioning and four after SATS conditioning), to obtain their linear viscoelastic 

properties. 

 

 

 

 

 

 

 

                                 a)                       b)      c) 

Figure 4 SATS conditioning for FAM material: a) SGC - FAM specimen embedded in a 

metal mesh, b) specimen placed in the top position of the specimen tray, and c) cored FAM 

samples for testing after SATS conditioning. 

 

4.3 Test procedures to determine the linear viscoelastic properties of the fine RAP-

FBMs and their recovered binders 

As explained previously, the experimental plan on the environmental effects on the 

properties of the RAP-FBMs included two different efforts: 1) the quantification of the 

mechanical properties of the fine portion of the RAP-FBMs in the initial and final 

conditions, and 2) the determination of the rheological properties of their recovered 

binders after the SATS conditioning. While the first effort provides initial information of 

the material in terms of its competence to resist the environmental effects when used as 

part of the surface course in pavement structures, the latter complements this information 

by offering evidence of the changes that occurred in the bitumen due to the selected 

conditioning protocol in terms of its rheological properties. Thus, this section describes 

the test procedures to determine the linear viscoelastic properties of both materials. 

For the FAM samples, their rheological properties were measured by means of 

the DMA testing technique, which has been widely used to characterise the linear and 
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non-linear viscoelastic properties of these materials, as well as mechanical deterioration 

processes under cyclic loading (Masad et al., 2006, 2008; Caro et al., 2008, 2012; Caro, 

Sánchez, & Caicedo, 2015; Gudipudi & Underwood, 2015; Tong et al., 2013, 2015, 

Sánchez et al. 2017, Klug et al., 2018, Sánchez et al., 2019). The procedure consists of 

using a rheometer with a fixture configuration for solid materials, to apply oscillation 

loading to the small FAM cylindrical specimens (i.e. 50 mm in height by 12.5 mm in 

diameter). For the purposes of this study, frequency and temperature sweep tests were 

conducted using a constant strain amplitude of 6.5x10-3%, a value that has been proved 

to maintain the response of FAM materials within the linear viscoelastic range (Caro et 

al. 2008, Sánchez et al. 2017), using loading frequencies from 0.5 – 15.9 Hz, and varying 

temperatures from 15 – 65oC with 10oC increments. Figure 5 shows the specimens’ 

preparation, which includes gluing metallic holders to the cylindrical samples for further 

mounting in the rheometer, and the DMA testing set-up.  

 

    

 

Figure 5 FAM Specimens’ preparation and DMA testing set-up: a) gluing process, b) 

sample with metallic holders, and c) sample mounting in the rheometer. 

 

For the binders recovered from all evaluated FAM mixtures before and after 

SATS conditioning, dynamic shear tests were conducted using the rheometer with the 

parallel plates configuration. The binders were tested in a strain control mode (0.2% to 

0.8%, depending on temperature) at varying temperatures from 5 to 75°C at 5oC intervals, 

and loading frequencies between 0.1 and 10Hz. For temperatures between 5 to 45oC, the 

parallel plate geometry of 8mm and 2mm gap was used. For temperatures between 25 to 

75oC, the parallel plate geometry of 25mm and 1mm gap was used. The data for each 

binder from 25 to 45oC were selected after plotting their Black diagrams (i.e. plots of 

phase angle, vs. complex shear modulus, |G*|) following the approach described by 

Airey (2002).  

                        (a)    (b)    (c) 
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5. Results on the fine RAP-FBMs  

5.1 Air void content and saturation levels 

Table 4 presents the average air void content values of the eight small cored specimens 

for each mixture, which was determined from their volumetric properties. This table 

shows that although there are some differences in the air void content among the fine 

mixtures, the standard deviations were between 0.48% and 0.66%, which are considered 

acceptable for the purpose of this study. 

 

Table 4 Average air void results for the small cored specimens for all FAM mixtures 

FAM mixture type Mean air void content (%) Standard deviation (%) 

HMA-RAP 9.8 0.50 

Foamed-RAP 90C 9.5 0.48 

Foamed-RAP 120C 9.6 0.66 

Foamed-RAP 160C 10.1  0.60 

 

On the other hand, Table 5 shows the saturation levels (before and after SATS 

conditioning) for all the fine mixtures, which were measured on the SGC cores for each 

mixture before coring the four small specimens for testing after SATS conditioning. 

Although these values do not necessarily represent the actual saturation levels within the 

individual small cylindrical testing specimens, they were measured to obtain reference 

values. Table 5 shows that there is high variability in the retained saturation among the 

fine mixtures (approximately 28 to 46%). Although all fine mixtures followed the same 

mixture design, these results imply that there might be differences in the internal 

composition and structure of each fine mixture due to different production temperatures, 

and this might have an influence in the results. Also, the average values of retained 

saturation obtained for these FAM materials are lower than those reported in the literature 

for full asphalt mixtures for this type of conditioning process. For example, Airey et al. 

(2005) reported a retained saturation level of 90% for a Dense Bitumen Macadam (DBM) 

base material specimen located in position P1 of the specimen tray after SATS 

conditioning. Similarly, Airey et al. (2007) and Grenfell et al. (2015) reported retained 

saturation levels between 60 and 80% for DBM base material specimens located in the 

same position (P1) of the SATS specimen tray. These results indicate that the difference 

in the volumetric composition of the FAM materials compared to those of full asphalt 

mixtures, especially in terms of the larger amounts of bitumen and the potential existence 
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of smaller pore sizes in the FAM mixtures, might impact the rheological results. The 

results also suggest the convenience of conducting future studies devoted at determining 

proper sets of SATS variables that could be used to achieve higher saturation levels in 

these fine materials. 

 

Table 5 Saturation levels of the SGC specimens for all the FAM mixtures 

FAM Mixture 
Initial saturation 

(%) 

Retained saturation 

(%) 

HMA-RAP 53.5 46.0 

Foamed-RAP 90C 30.4 28.2 

Foamed-RAP 120C 45.6 43.1 

Foamed-RAP 160C 38.2 36.1 

 

5.2 Effects of SATS conditioning protocol on the linear viscoelastic properties 

of the fine mixtures  

Using information from the frequency and temperature test results, the average master 

curves of |G*| for each fine mixture were constructed. Figures 6a and b present, 

respectively, the |G*| master curves at a reference temperature of 25oC for the initial and 

final conditions (i.e. before and after SATS conditioning), constructed using the average 

values of the four tested specimens for each mixture at each condition.  

 

1.E+06

1.E+07

1.E+08

1.E+09

0.0001 0.001 0.01 0.1 1 10 100

|G
*

| 
[P

a]

Reduced frequency [Hz]

 HMA-RAP FAM (initial)
Foamed-RAP 90C FAM (initial)
Foamed-RAP 120C FAM (initial)
Foamed-RAP 160C FAM (initial)

Tref: 25oC
a) 



 
16 

                

Figure 6 Master curves of |G*| for all fine RAP-FBMs for a) before, and b) after SATS 

conditioning. 

 

At the initial condition, Figure 6a shows that all the fine mixtures approach the 

same stiffness at high frequencies, with larger differences at low frequencies. At low 

frequencies, the Foamed-RAP fine mixture manufactured at 160oC and the HMA-RAP 

fine mixture manufactured at the same temperature, exhibit the highest |G*| values, 

followed by the Foamed-RAP fine mixture manufactured at 120oC, and the Foamed-RAP 

fine mixture manufactured at 90oC. For instance, at a frequency of 0.001Hz, their |G*| 

values are 5.8x107, 4.5x107, 2.1x107 and 1.6x107 Pa, respectively. These results indicate 

that the stiffness of the Foamed-RAP fine mixtures increases with an increase in mixing 

and production temperature. Since all the fine mixtures followed the same mixture design, 

these results suggest that increasing the mixing temperature (i.e., subjecting the fine RAP 

material and fine virgin aggregates to higher temperatures prior to the combination with 

foamed bitumen – heated at 160oC in all cases –) might have led to higher contribution 

of the RAP bitumen in the total RAP-virgin bitumen blend, and also to further ageing of 

the RAP binder, as already found by Sánchez et al. (2019).  

After the conditioning protocol, Figure 6b shows that the fine mixtures produced 

at 160oC (i.e., Foamed-RAP and HMA-RAP fine mixtures) still exhibit the best 

mechanical capacity at low reduced frequencies. However, the |G*| curves of the Foamed-

RAP fine mixture manufactured at 90oC, and the Foamed-RAP fine mixture 

manufactured at 120oC are interchanged. At high frequencies, the Foamed-RAP and 

HMA-RAP fine mixtures manufactured at 160oC, exhibit lower |G*| values after SATS 

conditioning with respect to those of the Foamed-RAP fine mixtures manufactured at 90 

and 120oC. Nevertheless, the former fine mixtures showed a pronounced flattening effect 
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on the |G*| master curves after SATS conditioning (Figure 6b), which results in lower 

|G*| values with respect to those of the latter fine mixtures, at these high frequencies. 

In order to further analyse the differences in the environmental related effects of 

the fine RAP-FBMs, |G*| ratios were calculated by dividing the |G*| values obtained at 

the final condition (i.e., after SATS conditioning or |G*|final) to those of the initial 

condition (|G*|initial) at all testing temperatures and at 10Hz, which is a typical frequency 

value used in pavement design. These results are presented in Figure 7. Higher |G*| ratios 

in this figure indicate a higher impact of the environmental-related effects on the dynamic 

modulus of the material (i.e., |G*|final is larger in comparison to |G*|initial).  

 

Figure 7 |G*| ratio (|G*|initial/|G*|final) values at 10Hz for all temperatures  

 

This figure shows that the control HMA-RAP fine mixture consistently exhibited 

the lowest |G*| ratios at all temperatures, meaning that this fine mixture was the least 

affected by the environmental conditioning process. When the fine RAP mixtures are 

produced using the foaming technique, the |G*| ratios increase with respect to those of 

the reference HMA-RAP fine mixture, and this increase changes with production 

temperature. For instance, the |G*| ratios of the fine Foamed-RAP mixtures manufactured 

at 90 and 120oC exhibited an average increase (among all temperatures) of 41 and 46% 

with respect to the control fine HMA-RAP mixture, respectively, indicating low 

differences between these production temperatures but high susceptibility to the 

environmental related effects. It is also interesting to notice that for these fine mixtures, 

the |G*| ratios increase with temperature up to a maximum value at 45oC, which 

corresponds to intermediate frequencies, after which they decrease and tend to become 

closer to those of the fine mixtures manufactured at 160oC. This indicates that at high 

temperatures (low frequencies) the behaviour of all fine mixtures is comparable. 
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Conversely, the |G*| ratio of the fine Foamed-RAP mixture manufactured at 160oC 

exhibited an average increase of only 8% with respect to that of the fine HMA-RAP.  

These results show not only that a stiffening effect occurred in the materials after 

the SATS conditioning protocol, but that it occurred to a different extent in each fine 

mixture where the fine mixtures with a high initial stiffness exhibited less ageing than 

those of a lower initial stiffness. 

As an aside and support for the observations above, previous physical, rheological 

and chemical tests conducted on a virgin bitumen subjected to a moisture Pressure Ageing 

Vessel (PAV) test, demonstrated that moisture condition together with heat, oxygen and 

pressure promotes ageing of the bitumen, resulting in a stiffer and more brittle binder (Ma 

et al., 2011). In another study, rheological and chemical tests conducted on a virgin 

bitumen submerged in distilled water for periods of up to nine months, demonstrated that 

the moisture conditioning process generated changes in the chemistry of the material that 

could be attributed to oxidative ageing (Figueroa-Infante, 2015). Results from other 

studies that evaluated the effect of ageing and moisture on the mechanical and resistance 

characteristics of asphalt mixtures found that ageing resulted in higher stiffness and lower 

toughness of the asphalt mixtures, while the effect of water was minimal, which the 

authors attributed to the water immersion conditions not been aggressive enough for the 

evaluated mixture (López-Montero and Miró, 2016). Furthermore, results from previous 

studies on the combined effects of ageing and moisture sensitivity on the stiffness of high 

modulus base materials, showed an initial stiffening effect of the mixtures, followed by a 

decrease in modulus after various combined ageing and moisture sensitivity regimes 

(Airey et al., 2005). 

Therefore, it is speculated that the stiffening effects that were observed in this study 

for the fine mixtures are mainly attributed to oxidation effects in the bitumen. 

Furthermore, the fact that FAM materials are composed of a rich bitumen phase and fine 

particles, with smaller sized air voids compared to those of conventional HMA, could 

impact the rate at which moisture reaches the inner portion of the specimen. This moisture  

degrades the adhesive bonds between the bitumen and the fine aggregate particles, 

allowing damage to occur under the presence of moisture (i.e., reduction in the magnitude 

of the |G*| values), whereas the elevated temperatures would certainly lead to some 

ageing and stiffening of the materials, which generates the overall increase in |G*| in the 

master curves. This statement is also supported by the fact that the saturation levels of the 

SGC fine specimens are lower than those typically obtained for HMA mixtures, 



 
19 

indicating that water may only have reached a limited portion of the small FAM testing 

specimens.  

6. Effects of SATS conditioning protocol on the recovered binders from 

the fine RAP-FBMs  

The average |G*| master curves for two replicates, at a reference temperature of 25ºC, 

obtained for the recovered binders of each fine mixture at the initial condition and after 

SATS conditioning are shown in Figures 8a and b respectively.  

 

     

Figure 8 Master curves of |G*| for all recovered binders for a) initial condition, and b) after SATS 

conditioning 

 

This figure shows that in all cases – before and after environmental conditioning 

– the bitumen recovered from the fine Foamed-RAP mixture manufactured at 160oC 

(Foamed-RAP 160C bitumen) exhibits the highest |G*| values, followed by the HMA-

RAP bitumen, the Foamed-RAP 120C bitumen, and the Foamed-RAP 90C bitumen. This 

means that, different to what was observed from the corresponding FAM mixtures in 

Figure 6, the ranking of the recovered binders in terms of their stiffness, did not change 
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with the conditioning protocol. In order to compare the susceptibility to the environmental 

effects of the recovered binders to their corresponding FAM mixtures, |G*| ratios (|G*|final 

/ |G*|initial) were calculated at a low frequency of 0.001Hz (since higher changes in |G*| 

were observed at low frequencies), at the reference temperature of 25oC for the fine 

mixtures and their corresponding recovered binders for initial and final conditions. The 

results are presented in Figure 9. This figure includes the variability of the |G*| ratios for 

the FAM mixtures (i.e., vertical axis). The variability of the |G*| ratios for the recovered 

binders (i.e., horizontal axis) is not included, since only two replicates were tested for 

each recovered binder for the initial and final conditions.  

 

Figure 9 |G*| ratios for all FAM mixtures and their recovered binders 

 

Figure 9 reveals that a change in the magnitude of the |G*| of the recovered binders 

does not lead to the same change in their corresponding FAM |G*|, and that the ranking 

of |G*| ratios is not maintained (i.e., the recovered binder that exhibits the highest |G*| 

ratio does not correspond to the FAM that exhibits the highest |G*| ratio). Since the binder 

is responsible for the stiffening of the fine asphalt mixtures during oxidation, higher 

increase in the binder |G*| values are expected. However, the behaviour of the FAM 

materials is also affected by the aggregate skeleton and the internal void structure of the 

mixture, which can also explain the discrepancies between the FAM materials and their 

recovered binders. 

The rheological data of the recovered binders prior and after conditioning was 

further used to calculate the Glover-Rowe (G-R) parameter. The G-R parameter captures 

the complex shear modulus |G*| and phase angle (δ) at a temperature–frequency 

combination of 15°C–0.005 rad/s (Equation 1) (Rowe, 2014), and it provides useful 

information about the long-term performance of the materials, particularly in their ability 
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to resist cracking (King et al, 2012, Mensching et al, 2015; 2017). The results are 

generally plotted in the Black space (i.e., plot of δ vs. |G*|). A higher G-R value indicates 

increased brittleness and thus, higher susceptibility to cracking.  

𝐺 − 𝑅 =
|𝐺∗|(𝑐𝑜𝑠2𝜕)

𝑠𝑖𝑛𝜕
                                                  (1) 

 

 

 

Figure 10 G-R parameter obtained for recovered binders before and after SATS test at 

15oC and 0.005 rad/sec  

 

Figure 10 shows the G-R and δ values, with the results of the recovered binders at 

the initial condition represented by filled markers, and those of the recovered binders after 

SATS conditioning represented by unfilled markers. The two curves shown in this figure 

(dotted and continuous curves) represent the G-R parameter at values of 180 kPa and 450 

kPa, respectively. These values correspond to the boundaries of expected crack initiation 

and significant cracking, respectively (Anderson et al. 2011). According to this analysis, 

the HMA-RAP and Foamed-RAP 160C recovered binders exceed the limit of cracking in 

both the initial and final conditions, which means that the fine mixtures containing these 

binders could have cracking-related issues in their long-term performance. It is also 

noticeable from this analysis that the rheological behaviour of the Foamed-RAP 120oC 

recovered bitumen after SATS conditioning is comparable to that of the HMA-RAP 

recovered binder at the initial condition - both binders are within the borderline of 

significant cracking. All other binders are still beneath them, suggesting that the 

experienced hardening effects will not compromise their cracking resistance.  

These results indicate that there are two critical types of material responses after 

the conditioning protocol: 1) those where even though the |G*| ratio is high – indicating 
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high increase in |G*| after the conditioning protocol, and thus high susceptibility to the 

environmental effects (e.g. Foamed-RAP 90 and Foamed-RAP 120C recovered binders, 

Figure 9) –, the magnitude of |G*| is within or does not exceed the cracking limits (Figure 

10), and 2) those where the |G*| ratio is small, indicating that the material is not severely 

affected by the environmental effects (e.g. Foamed-RAP 160C and HMA-RAP recovered 

binders, Figure 9), but the actual magnitude of |G*| in both initial and final conditions 

exceeds the cracking limits, which could be a concern in terms of cracking susceptibility 

of the material. These results suggest that the change in the |G*| of the material between 

the initial and final condition, and the actual magnitude of the |G*| provide different but 

complementary information. Thus, both parameters must be considered to better assess 

the influence of environmental-related effects on the mechanical response of the materials 

and their long-term performance. 

7. Conclusions 

This study used the SATS conditioning protocol to evaluate combined environmental 

effects on the linear viscoelastic properties of a fine HMA-RAP mixture produced at 

160oC, and various fine Foamed-RAP mixtures produced at different mixing 

temperatures (i.e., 90, 120 and 160oC or half-warm, warm and hot applications, 

respectively). The impact of the environmental effects was also evaluated on the 

rheological properties of their recovered binders before and after being exposed to the 

SATS conditioning protocol. The main findings of this study are summarised below. 

All fine mixtures exhibited a general increase in their |G*| values after the SATS 

conditioning protocol, with the Foamed-RAP and HMA-RAP fine mixtures produced at 

160oC (with higher initial stiffness) exhibiting less increase in the magnitude of their |G*| 

values than the fine Foamed-RAP mixtures produced at 90 and 120oC (with less initial 

stiffness than the previous two). Thus, changes in production temperature of the fine 

mixtures had a significant effect on their environmental-related effects. This stiffening 

effect is mainly attributed to oxidation processes in the bitumen. Damage due to moisture 

(i.e., reduction in |G*| values due to adhesive failure between the fine aggregates – 

bitumen interphase) was not observed, which was attributed mainly to the volumetric 

composition of the fine materials (i.e., high binder contents). 

It was also observed that although the Foamed-RAP fine mixtures produced at 90 and 

120oC were the most affected by the environmental conditioning (i.e., highest increase in 

their |G*| values), rheological analysis of their recovered binders show that this stiffening 
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effect does not compromise their long-term performance in terms of cracking 

susceptibility. Conversely, the cracking susceptibility for the fine Foamed-RAP mixture 

produced at 160oC and the HMA-RAP fine mixture, although exhibited lower changes in 

|G*|, in both initial and final conditions, could be a concern in their long-term 

performance. This means that a fair comparison between the environmental related effects 

of RAP-FBMs and their HMA-RAP counterparts should consider both the change of a 

certain property and the actual magnitude of those values, since both results are equally 

important.  

In general, the combination of high RAP content (i.e., 50%) with foaming techniques 

for half-warm and warm applications (i.e., mixing temperatures around 90 and 120oC, 

respectively) might be a favourable sustainable approach for road infrastructure projects 

without compromising the long-term durability of the recycled mixtures. These results 

suggest that alternative approaches of the use of foamed bitumen by direct water injection 

with RAP material, such as half-warm and warm processes, which are different to that 

commonly used in the asphalt industry (i.e. cold recycling), could offer competent 

materials for asphalt mixtures to be used in surface courses. 

Finally, it should be noted that the SATS test was originally developed for full asphalt 

mixtures with lower binder and higher air void content compared to those of the fine 

mixtures. Further research is needed to investigate a proper set of SATS conditions to 

reach higher saturation levels in fine mixtures with different bitumen and air void 

contents. In addition, the study should be complemented with testing and characterisation 

at the full mixture level. 
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