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A B S T R A C T

The mechanical performance of bitumen-stabilized materials (BSM) hinges on two interrelated factors, including 
aggregate packing and moisture control. However, current design practices offer little guidance on how to 
systematically balance these variables. This study, therefore, proposes an integrated volumetric framework that 
couples the Bailey packing principles with a liquid-filled-voids (VFL) criterion to identify the optimum aggregate 
gradation and total water content for mixtures composed entirely of reclaimed asphalt pavement (RAP). Four 
gradations were manufactured by blending coarse and fine RAP to represent 60 %, 80 %, 90 %, and 100 % of 
their loose-unit-weight (LUW) packing states. Each blend was stabilized with a 3 % residual bitumen emulsion 
and total water dosages ranging from 3 % to 6 %. Compaction behaviour was captured through the dry density, 
voids filled with liquid (VFL), and voids in the mixture (Vm), which were monitored for up to 100 gyrations. In 
contrast, water loss due to compaction, long-term evaporation, and 56-day indirect tensile strength (ITS) were 
also assessed. Results indicate that the 80LUW gradation, combined with a total water dosage of 4 %-4.5 %, 
produced the densest internal structure (Vm ≈ 8.4 %) and maintained VFL at the 85 % threshold that prevents 
liquid seepage. In contrast, finer (60 %LUW) and coarser (90–100 %LUW) gradations exhibited excessive voids at 
comparable moisture levels. The proposed framework thus offers a practical way for selecting grada
tion–moisture combinations, reducing experimental repetition and advancing the sustainable use of BSMs.

1. Introduction

Sustainability in road construction is a critical subject that focuses on 
solutions to problems associated with recyclability, waste products, 
environmental pollution, and the scarcity of virgin materials, among 
others [1,2]. One of the most important recyclable materials in road 
construction is reclaimed asphalt pavement (RAP), which is used in hot 
mix asphalt (HMA) for rehabilitation purposes. However, a more envi
ronmentally friendly application of RAP is in cold pavement recycling 
[3,4]. Cold recycling technologies include full-depth reclamation (FDR) 
and cold recycled mixtures (CRM), which include cold in-place recycling 
(CIR) and cold central plant recycling (CCPR) [1,5]. Due to their 
cost-effectiveness and environmentally friendly application, which uti
lizes up to 100 % of the reclaimed asphalt pavement (RAP), these pro
cesses are considered attractive sustainability methods. These methods 
include milling of overlay and/or the base materials, and recycling the 
asphalt pavement with cold techniques without heat application [1,6].

Due to their low production temperature and the reduction in the use 

of virgin aggregate, which utilizes over 85 % of RAP, CRM has received 
considerable attention. There are several types of CRM, including 
cement-treated materials (CTM), bitumen-stabilized materials (BSM), 
cold recycled asphalt (CRA), and cement-bitumen-treated materials 
(CBTM), which are treated with both bitumen emulsion and foamed 
bitumen. When compared to CBTM, BSM uses less cement (less than 
1 %) [7,8]. Due to the inclusion of water in the CRM design, they will 
require a curing time to lose water and gain strength over time, a process 
also referred to as evolutive behaviour, which affects their evolutive 
behaviour over time. Hydraulic binders act as an agent that accelerates 
the curing process [9,10].

The most important components of BSM with emulsion include RAP, 
water, and bitumen emulsion (with residual bitumen more than 1.5 % 
and less than 3 %). Still, small amounts of active fillers (less than 2 %) 
may be added to accelerate the curing time [8,11,2,12,13]. Limiting the 
amount of cement helps reduce the rigidity, and adding bitumen content 
increases BSM’s flexibility.

BSM may include granular materials, cement stabilized materials, 
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and RAP, which makes them suitable for both new pavement con
structions and the rehabilitation of in-place and central plants [14]. 
They also offer enhanced properties of recycled materials at reduced 
costs. Asphalt Academy (2020) explained that the failure mode in BSM is 
permanent deformation and that the pavement will require less effort to 
rehabilitate than a material that fails due to full-depth cracking, and that 
the changes in behaviour can be changed by the quantity of the bitumen 
and cement content [15].

Generally, packing characteristics and air void reductions are among 
the most important factors influencing the mechanical properties and 
performance of asphalt mixtures, including permanent deformation and 
damage during freeze-thaw cycles [16,17]. It is known that an 
improvement in the packing helps with a reduction in permanent 
deformation [18]. Badeli et al. [17] experimentally explained that air 
voids also have a significant influence on complex modulus behaviour 
when the specimens are subjected to freeze-thaw cycles.

Aggregate packing is influenced by five factors: aggregate gradation, 
aggregate strength, aggregate morphological properties (shape, angu
larity, aggregate surface micro-texture), compaction method, and 
compaction effort [19–22]. Although researchers have been attempting 
to identify best practices for CRM, particularly for BSM mixtures, there is 
no uniform mix design procedure for these materials. Different agencies, 
including AASHTO, ARRA, and Asphalt Academy, have suggested 
gradation boundaries for BSM mixtures [23–27]. Many studies attemp
ted various methods to evaluate compaction, volumetrics, and perfor
mance of CRM by changing the gradation of CRM [13,19,20,28,29–34]. 
Xu et al. (2017) investigated the aggregate fractal analysis of three CRM 
gradations to determine how gradation and binder content impact 
mixture performance. They suggested using fractal dimensions to 
characterize mineral aggregate fractions [19]. Raschia et al. (2021) 
employed the compressible packing model to investigate how RAP 
sources impact the virtual packing densities of RAP aggregate blends 
and the compactability of CRM mixtures [20]. Yao et al. (2011) 
mentioned using the Bailey method to optimize the gradations and 
mechanical properties of CRM manufactured using 70 % RAP, with the 
addition of 2 % and 3 % cement, as per the Marshall method [34]. Aker 
and Ozer (2023) investigated the packing characteristics of CRM using 
the Bailey method. They evaluated discrete packing models, including 
Aim and Goff’s, the modified Toufar model, and Kwan’s 3-Parameter 
Packing Model, to determine the virtual packing densities and 

Fig. 1. Flowchart of the methodology.

Table 1 
Coarse and Fine RAP properties.

Property Value Specification

Coarse RAP relative specific gravity, g/cm3 2.514 ASTM C127–24
Fine RAP relative specific gravity, g/cm3 2.296 ASTM C128–22
Coarse RAP relative SSD density, g/cm3 2.549 ASTM C127–24
Fine RAP relative SSD density, g/cm3 2.338 ASTM C128–22
Coarse RAP absorption, % 1.399 ASTM C127–24
Fine RAP absorption, % 1.825 ASTM C128–22
Flat coarse particles, % 13.73 ASTM D4791
Elongated coarse particles, % 10.80 ASTM D4791
Flat and elongated coarse particles, % 1.53 ASTM D4791

Table 2 
Bitumen emulsion properties.

Property Value Specification Min. Max.

Type of bitumen emulsion CSS− 1 ASTM 7402 N/A N/A
Passing 850 µm, % mass 0.02 ASTM D6933 N/A 0.1
Distillation residue at 260 ◦C, % 65.1 ASTM D6997 57 N/A
Saybolt Furol viscosity at 25 ◦C, s 36.7 ASTM D7496 20 100
Oil in the distillation, % 0.2 ASTM D6997 N/A 5
Penetration at 25 ◦C 168 ASTM D5 100 250

Fig. 2. (a) Rodded Coarse RAP; (b) Rodded Fine RAP.

Table 3 
Bailey unit weights and voids for coarse and fine RAP.

Property Value

Coarse RAP LUW, kg/m3 1355.62
Fine RAP LUW, kg/m3 1347.52
Coarse RAP RUW, kg/m3 1491.91
Fine RAP RUW, kg/m3 1489.68
Coarse RAP Solid unit weight (SUW), kg/m3 2514.0
Fine RAP Solid unit weight (SUW), kg/m3 2310
Coarse aggregate loose voids, % 46.08
Fine aggregate loose voids, % 41.66
Coarse aggregate rodded voids, % 40.66
Fine aggregate rodded voids, % 35.51
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compactability of the CRM blends [23]. Xu et al. (2017) reported that 
increasing the fractal value increased the passing sieve size, which was 
less than 0.3 mm. Mechanical performance was linked to the fineness 
modulus and fractal gradation dimensions. High-temperature suscepti
bility was affected by binder gradation and adhesion, while indirect 
tensile strength and moisture susceptibility were affected by gradation, 
bitumen emulsion content, and cement content. The balance between 
fractal dimension, density, and adhesion was found to be necessary for a 
high-performance mixture [19]. Raschia et al. (2021) investigated the 

workability, compactability, and mechanical properties of CRM with 
three gradations in Canada and Italy. They found that higher filler led to 
improved workability but lower compactability. Additionally, their ITS 
test results highlighted the significance of gradations in influencing the 
behaviour of CRM, with the gradation closer to the MDL proving more 
potent than the rest; however, adjusting the moisture content in 
conjunction with gradations is crucial for achieving homogeneity within 
the mixtures [30]. Raschia et al. (2021) found that two gradations near 
the MDL using 0/2.5–2.5/5–5/10 fractions were compacted at 20 gy
rations. Their results showed that the two gradations used in their 
research had a close compactability of 83 % and 82 % at the end of 
compaction, and that the maximum densities could not be achieved 
using the model. However, their image analysis experiment using the 
Occhio belt aggregate image analyzer showed no significant difference 
in RAP shape between the two sources. Still, the RAP with a higher shape 
factor was more compact [20]. Yao et al. (2011) found that optimizing 
gradation using the Bailey method is suitable for both volumetric and 
mechanical properties, including determining the optimum emulsified 
asphalt content and the optimum water content resilient modulus [34]. 
Aker and Ozer (2023) utilized two coarse and two fine RAP fractions to 
evaluate volumetric and mechanical properties, as well as the feasibility 
of optimizing CRM mixtures using volumetric proportioning. Their two 
mixtures were shown to reach the lowest air voids of almost 12.6 % and 
the highest indirect tensile strength (ITS) for both 80 % LUW and 70 % 

Fig. 3. Gradation curves for MDL, 60LUW, 80LUW, 90LUW, and 100LUW.

Table 4 
The components of BSM mixtures are produced at different percentages of LUW 
based on the mass of dry solids.

Component 60LUW 80LUW 90LUW 100LUW

Coarse RAP, % 44.66 56.16 61.4 66.39
Fine RAP, % 51.40 39.67 34.29 29.20
Mineral filler, % 3.93 4.19 4.3 4.42
Absorbed water, % 1.63 1.58 1.55 1.53
Emulsion, % 4.64 4.61 4.61 4.61
Total water content, % 

(±0.20 %)
3.00 
4.00 
5.00 
6.00

3.00 
4.00 
5.00 
6.00

3.00 
4.00 
5.00 
6.00

3.00 
4.00 
5.00 
6.00

Fig. 4. Constituent materials and volumetric characteristics of BSMs.
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LUW [23].
Even though the literature suggests that by changing gradations, the 

mechanical properties of different types of CRM changes and some 
gradations could potentially improve the properties and performance of 
CRM, there are currently limited studies on applying a packing-moisture 
control approach for volumetric optimization of BSM and no study has 
yet studied aggregate packing of BSM with controlled water content. 
This paper aims to improve the mix design procedure by optimizing two 
aspects of gradation using the Bailey method and controlling water 
content using the voids filled with liquid.

2. Objectives

To address the absence of a packing-oriented procedure for the mix 
design of bitumen-stabilized materials (BSM), this study proposes a 
framework based on the Bailey method and voids filled with liquid 
(VFL). The procedure involves a mix design procedure that (i) identifies 

the aggregate gradation yielding the minimum voids in the mixtures and 
(ii) determines the water content required to achieve the target mixture 
saturation in terms of VFL. The complete methodological workflow is 
illustrated in Fig. 1.

3. Materials and methodology

3.1. Materials

In this study, a single-sourced RAP with a nominal maximum 
aggregate size (NMAS) of 20 mm was sourced from the province of 
Quebec, Canada. Fig. 3 shows the coarse RAP, fine RAP, and mineral 
filler gradations, and Table 1 shows the properties of the acquired RAP. 
The acquired RAP was separated into coarse and fine fractions using a 
5 mm sieve. It is important to clarify that no virgin aggregate was used in 
this study. The bitumen emulsion used in the study was a cationic, slow- 
setting type designed for cold recycling applications, with the properties 

Fig. 5. Vm and VFL for different Bailey gradations at 3 % moisture content (A), 4 % moisture content (B), 5 % moisture content (C), and 6 % moisture content (D).
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shown in Table 2.

3.2. Packing-based gradation selection

The Bailey method is well-known for its packing and interlocking 
characteristics in reducing voids and optimizing HMA mixtures [35]. 
However, its application is limited to HMA mixtures containing less than 
40 % of RAP. In this study, the Bailey method was employed as a 
packing tool for interlocking and to control the packing of coarse and 
fine RAP by adjusting the ratios of coarse RAP, fine RAP, and filler in the 
mixtures to achieve the densest possible mixture. As shown in Eq. (1), 
the primary control sieve (PCS) was applied in this study according to 
the Bailey method. 

PCS = 0.22 ∗ NMAS (1) 

The loose unit weight (LUW), rodded unit weight (RUW), and solid 
unit weight of both the coarse and fine RAP were determined on dried 
material at 40◦C according to AASHTO T-19 and the Bailey requirements 
using 7.1- and 0.94-litre moulds, respectively. For LUW, the coarse and 
fine RAP were poured into their specific moulds without any compaction 
effort using the shovelling procedure. For RUW, the materials were 
poured in three layers in their specific moulds and rodded 25 times per 
layer. The loose voids and rodded voids in coarse and fine RAP were 
calculated according to Eqs. (5) and (6). Fig. 2 shows the rodded coarse 
RAP and the rodded fine RAP.

Rodded and loose voids represent the proportion of void space within 

Fig. 6. Workability and compactability of the mixtures.

Fig. 7. VFL at 100 gyrations as a function of water loss due to compaction at the end of compaction.
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rodded and uncompacted (loose) conditions, respectively. According to 
the Bailey method, the recommended rodded voids for coarse aggregate 
range from 37 % to 43 %, whereas loose voids should typically fall be
tween 43 % and 49 %. For fine particles, the Bailey method suggests 
rodded voids within a range of 28–36 % and loose voids from 35 % to 
43 %.

Table 3 specifies the Bailey unit weights and voids for coarse and fine 
RAP. 

Loose Voids = 100

∗ (1 − Loose unit weight/Solid unit weight) (5) 

Rodded Voids = 100

∗ (1 − Rodded unit weight/Solid unit weight)
(6) 

Based on the Bailey method, it is necessary to assess a broad spec
trum of packing states to obtain the theoretical maximum packing, 
equivalent to the highest dry density and the lowest Vm. The 60 %, 80 %, 
90 %, and 100 % LUW blends were selected and will be referred to as 
60LUW, 80LUW, 90LUW, and 100LUW, respectively, in this paper. 
Fig. 3 shows the gradation curves for 60LUW, 80LUW, 90LUW, and 
100LUW.

3.3. Specimen preparation

Table 4 presents the components of BSM mixtures prepared using 60, 
80, 90, and 100LUW aggregate blends. Coarse and fine RAP batches 
were dried at 40 ◦C to manufacture the mixtures. Then, a water dosage 
corresponding to the total absorption ratio of the coarse and fine RAP, as 
specified in Table 4, was added to the blends. The moist blends were 
kept in a sealed bag for at least 12 h to reach moisture equilibrium. To 
initiate the mixing process using a mechanical mixer, four water dosages 
were used for mixture preparation, including 3 %, 4 %, 5 %, and 6 % 
total water dosages. The extra water was introduced and blended thor
oughly for 1 min with the pre-moistened aggregate blends to achieve the 
desired moisture content. Subsequently, the bitumen emulsion was 
incorporated into the mix and blended for 1 min to ensure uniform 
dispersion and coating of the particles. The compaction procedure was 
conducted using a Superpave gyratory compactor (SGC) at an external 
angle of 1.25◦, a pressure of 600 ± 18 kPa, and a gyration rate of 

30 rpm, as specified in ASTM D6925. For the compaction process, 
2800 g of the prepared mixture was placed into a 150 mm mould and 
compacted at a temperature of 23 ± 2 ◦C and 40 % ± 15 % laboratory 
relative humidity. The compaction process continued up to 100 gyra
tions, with the specimen height measured continuously.

3.4. Volumetric analysis

Grilli et al. [24] proposed extending the volumetric analysis frame
work for HMA to CRM, introducing parameters such as VFL and Vm. In 
the context of BSM, VFL represents the volume of water and bitumen 
emulsion as a percentage of VMA and represents the saturation level in 
the mixtures; VMA refers to the total amount of voids in the skeleton 
which is occupied by air, total water dosage, and residual bitumen; Vm 
denotes the volume of air and the intergranular water content in the 
mixture and serves as an essential parameter for the prediction of me
chanical properties of BSM during their service life. Fig. 4 illustrates the 
constituent parts, volume fractions, and related masses.

Eqs. (7) to (10) were utilized in this study to determine dry density, 
maximum density, Vm, VMA, and VFL. 

Vm =
Vair + Vw,EXT + VW,Emu

VT
∗ 100 (9) 

VFL =
VW,EXT + VW,Emu + VRB

VA
∗ 100 (10) 

Where Vair is the volume of air, VW, EXT is the volume of external water 
(intergranular water) in the mixture, VW, Emu is the volume of water in 
the bitumen emulsion, VRB is the volume of residual bitumen, VA is the 
volume of voids in mineral aggregate, and VT is the total volume of the 
mixtures.

3.5. Weight loss due to compaction

During compaction, and as the specimen approaches saturation, 
water containing both filler particles and bitumen emulsion is squeezed 
out of the specimens if the mixtures approach the saturation level. Still, 
due to the limitations in quantifying the non-water components, it is 
assumed that only water is lost, and the subsequent calculations are 
based on this assumption. The determination of water loss due to 
compaction was performed by weighing the specimens immediately 
after compaction and the weight of the mixture right before compaction 
(2800 g). The water loss due to compaction is calculated using the Eq. 
(11): 

ΔWB,A =
WB − WA

WB
(11) 

Where ΔWB,AThe water loss due to compaction is represented by WB, 
which is the weight of the mixture before compaction, and WA is the 
weight of the mixture after compaction.

3.6. Workability and compactability

BSM’s Workability and compactability are calculated through Vm 
(10) and k, respectively. Compactability is the slope of compaction after 
10 gyrations. It was previously reported that after 10 gyrations, the 
compaction curves tend to be linear in a semi-log graph [24]. The 
following formula is applicable when studying workability and 
compactability. 

Vm(n) = Vm(10)+ k ∗ log(n) (12) 

3.7. Curing, water loss by evaporation, and evaporation modelling

The water loss due to evaporation was monitored from 1 to 56 days 
after the initial mixture production, during the curing process. After the 

Fig. 8. (a) The seepage of water from the top of the mould due to over- 
saturation; (b) The seepage of water from the bottom of the mould due to 
over-saturation.
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mixture production, the specimens were subjected to free surface 
evaporation at a laboratory temperature of 23 ± 2 ◦C and a relative 
humidity of 40 % ± 15 %. Eq. (13) shows the incremental normalized 
water loss due to evaporation at each interval. 

NWL(t) = 100 ∗
W0 − W(t)

Wtotal
(13) 

Where NWL(t) is the incremental normalized water loss between the 
initial curing time and time t, W0 is the initial specimen mass after 
compaction, W(t) is the specimen mass at the curing time t, and Wtotal is 
the total water content added to the specimen before compaction, 
constituted by absorbed water, bitumen emulsion water and added 
water for compaction. Graziani et al. [23] applied the Michaelis- Menten 

Fig. 9. VFL% as a function of total water dosage for (A): 60LUW, (B): 80LUW, (C): 90LUW, and (D): 100LUW.
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(MM) model to model water evaporation over time. The model is a 
non-linear hyperbolic function which describes an asymptotic evolution 
of the measured response (evaporation) as a function of time. Eq. (14)
shows the Michaelis-Menten model after the first day of curing. 

y(t) = y1 +
(yA − Y1) • (t − 1)
(H − 1) + (t − 1)

(14) 

Where y(t) is water loss, yA is the asymptotic value, y1 is associated to 
-day 1, t is curing days, and H is related to the time it takes for y(t) to get 
to a value which is in the middle of y1 and yA.

Fig. 10. Vm% as a function of total water dosage for (A): 60LUW, (B): 80LUW, (C): 90LUW, and (D): 100LUW.
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3.8. Indirect tensile strength (ITS)

The Indirect tensile strength (ITS) of the 60, 80, 90, and 100LUW was 
determined according to ASTM D6931. The measurements were per
formed at a loading rate of 51 mm/minute at room temperature. During 
the test, a compressive load is applied to the cylindrical specimens at a 
constant rate along a vertical diametric plane to measure the tensile 

characteristics of the mixtures. The specimens’ tensile strength (St) is 
calculated using Eq. (15). 

St(kPa) =
2000 P
π ∗ t ∗ D

(15) 

Where P is the maximum load applied in Newton, t is the specimen 

Fig. 11. ρd as a function of total water dosage for (A): 60LUW, (B): 80LUW, (C): 90LUW, and (D): 100LUW.
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thickness in mm, and D is the specimen diameter in mm.

4. Results and discussion

4.1. BSM compaction

Fig. 5 illustrates two key volumetric properties of BSM during 
compaction, namely Vm and VFL, for 60LUW, 80LUW, 90LUW, and 
100LUW at moisture contents of 3 %, 4 %, 5 %, and 6 %, as a function of 
the logarithm of the number of gyrations. Based on the observations, Vm 
converges, whereas VFL diverges as the compaction level increases from 
1 to 100 gyrations. Furthermore, Vm decreases with increasing moisture 
content up to 5 %, followed by an increase at 6 % water content. In 
contrast, VFL exhibits consistent growth across the full range of moisture 
contents. Also, at the end of compaction, Vm for the entire mixture 
ranges from 3.5 % to 8 %, with the lowest value observed for 80LUW at 
5 % water content and the highest for 100LUW at 6 % water content. 
Similarly, VFL varies between 75 % at the lowest water level in graph 
(A) and approximately 150 % for 80LUW at 5 % water content in graph 
(C).

The reduction in Vm with increasing compaction effort results in an 
increase in VFL as the available space for liquids (water and bitumen 
emulsion) decreases. The 100LUW mixtures exhibit the lowest VFL and 
the highest Vm across different moisture contents. Conversely, 80LUW 
consistently shows the highest VFL and the lowest Vm across various 
moisture contents.

4.2. Workability and compactability

Fig. 6 illustrates the Workability and compactability of the 60LUW, 
80LUW, 90LUW, and 100LUW at different water dosage levels. The 
figure is divided into four distinct quadrants, including quadrant (A), 
which shows a lower workability but higher compactability; quadrant 
(B), which shows a lower workability and lower compactability; quad
rant (C), which shows a higher compactability and higher workability; 
and quadrant (D), which shows the mixtures with lower compactability 
but higher workability.

To better understand the overall behaviour of the mixtures in terms 
of workability and compactability at different packing conditions, the 
centroids for each LUW level were calculated. The centroid represents 
the average trend of the mixtures, providing a single representative 
point for the data group. By plotting the centroids, the general shift in 
the workability and compactability can be visualized, which simplifies 
the interpretation of the data sets and is calculated using the following 
formula. 

(x, y) =
(x1 + x2 + … + xn

n
,
y1 + y2 + … + yn

n

)
(16) 

Where x and y represent the centroids for compactability and work
ability, n represents the number of data points, x1 +x2 +…+xn are the 
sum of the compactabilities, and y1 +y2 +…+yn are the sum of 
workabilities.

The centroid for 60LUW exhibits the lowest compactability, while 
90LUW shows the highest compactability among the mixtures. As 
indicated by their void content at 10 gyrations, the centroid for 100LUW 
mixtures exhibits the lowest workability, while the best workability is 
associated with 80LUW mixtures. However, the highest compactability 
among the mixtures is related to 90LUW mixtures. Even though the 
80LUW mixtures centroid does not position them the best in compact
ability, they provide better compactability and moderate workability 
compared to other mixtures.

4.3. Weight loss due to compaction

Fig. 7 illustrates VFL at the end of compaction (100 gyrations) as a 
function of water loss. As the water content in the mixtures increases, 
the water loss due to water squeezing during compaction increases. The 
mixtures without extra water exhibited a VFL of almost equal to or 
below 85 %, corresponding to about 0.10 % and less water loss. How
ever, as the water content increased to 4 %, despite the weight loss 
below 0.8 %, the 60, 80, 90, and 100LUW mixtures experienced liquid 
seepage from the mould. At the same time, the 80LUW mix and all other 
mixtures with a total water content of 5 % and 6 % experienced a VFL of 
100 % or above, indicating an oversaturation state, as shown in Fig. 8. In 

Fig. 12. 3-D graph including the number of gyrations, water content, and Vm% for different mixtures and the selection process of the optimum mixtures.
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these mixtures, excessive seepage happened due to internal pressure 
generated by incompressible water and the external compaction pres
sure exerted by the SGC.

4.4. Volumetric analysis and optimization

Fig. 9 illustrates the variation of VFL as a function of total water 
content for the four gradations (60LUW, 80LUW, 90LUW, and 100LUW) 
at five different levels of gyrations (20, 40, 60, 80, and 100 gyrations). In 
these graphs, The Red area corresponds to a VFL above 100 %, the blue 
area corresponds to a VFL between 85 % and 100 %, and the white area 
corresponds to a VFL below 85 %.

It was observed in Section 4.2 of the paper that beyond the 85 % VFL, 
the liquid, which contains water, some fines, and bitumen emulsion, 

starts seeping out from the mixtures during compaction [9]. The theo
retical VFL values exceeding 100 % indicate that not only are the voids 
completely saturated at 100 % VFL, but also that excess compaction 
causes the definite discharge of the liquid, as calculated theoretically. 
Not surprisingly, an increase in either water content or gyration 
numbers leads to a higher VFL.

However, as the water content increases, the VFL increases loga
rithmically, leading to a higher VFL at higher water content levels. 
Additionally, with the increase in compaction effort, filling the voids 
with liquid across all gradations requires more effort. This indicates that 
the mixtures are being saturated, and the additional compaction effort 
does not significantly change the liquid held in the voids.

It can also be observed that as the gradation changes from 60LUW to 
80LUW, the VFL curves exhibit a steeper rise, suggesting that as the 

Fig. 13. Normalized evolutive water loss as a function of curing days.
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mixture coarseness increases from 60LUW to 80LUW, the mixture is 
more likely to reach saturation, followed by seepage from the mixture. 
From 80LUW to 90LUW and subsequently to 100LUW, there is a 
reduction in saturation sensitivity, followed by a delay in seepage. Since 
the blue and red regions represent the areas where discharge and 
confident seepage of liquid occur (because 100 % of the voids are filled 
with liquid), these areas should be avoided for compaction of the mix
tures. Only the white region should be considered.

Fig. 10 and 11 show the effects of different Bailey gradations 
(60LUW, 80LUW, 90LUW, and 100LUW), total water contents, and the 
number of gyrations on Vm and dry density. As discussed earlier, the 
white, blue, and red regions represent VFLs of up to 85 %, 85–100 %, 
and above 100 %, respectively, with linear trends separating them. The 
figure demonstrates that generally increasing the total water content by 
up to 4–5 % caused the Vm to decrease and the dry density to increase at 
all gyration numbers. With the increase in water content from 4 % to 
5 %, the Vm rises, and the dry density reduces again. The Vm reduction 
and dry density increase were more pronounced for 80LUW and 
100LUW. It is also evident that with the increase in the gyration 
numbers, an expected decrease in Vm and an increase in dry density 
occur.

Interestingly, as the mixtures become coarser from 60LUW to 
80LUW, the materials become more sensitive to moisture content, 
especially at 4 % and 5 % total water. Also, there is an increase in dry 
density with the increase in the coarseness up to 80LUW. A reduction in 
dry density is observed from 80 LUW to 90 and 100 LUW. On the other 
hand, it can be seen that the dry densities of 90LUW and 100LUW are 
very close. It can also be observed that as the gyration level increases, 
the dry density of the mixtures becomes more similar, indicating that the 
sensitivity of dry density to the gyration level decreases, and the mix
tures become denser within the same volume.

The dry density behaviour of the mixtures is highly dependent on the 
gradation, the moisture content, and the gyrational levels. At a lower 
number of gyrations of 20, the coarser gradations (90LUW and 100LUW) 
struggle to reach the same level of dry density before oversaturation 
compared to the finer gradations (60LUW and 80LUW), especially at 
higher total water contents. This indicates that mixtures with coarser 
gradations are more prone to liquid buildup in their voids, which limits 
their ability to be compacted more effectively. It is more desirable to 
have a compaction level and water content where the mixtures reach 
their maximum density before crossing the 85 % VFL line, and the 
mixtures achieve their optimal compaction before any liquid discharge.

The 3-D graph in Fig. 12 illustrates Vm as a function of water content 
and the number of gyrations for 60LUW, 80LUW, 90LUW, and 100LUW 
when the mixtures reach an optimal VFL of 85 %. It is clear that with the 
increase in gyration numbers at the optimal VFL, Vm experiences a 
reduction. It can be noted that the mixture’s Vm is emerging at the end of 
compaction. Reference found that 30 gyrations of the SGC represent the 
field compaction of CIR. Therefore, 30 gyrations were selected to find 
the water content needed, followed by the Vm generated in the mixtures. 
It can be seen that among the mixtures, the 80LUW mix exhibits a lower 
Vm than the other mixtures at VFL of 85 % and at all gyration levels.

4.5. Curing, evolutive water loss, and water loss modelling

Fig. 13 shows the normalized (from 0 % to 100 %) evolution of water 
loss at 1st, 2nd, 3rd, 5th, 7th, 10th, 13th, 17th, 21st, 28th, 36th, 46th, 
and 56th days of curing for four types of gradations including 60LUW, 
80LUW, 90LUW, and 100LUW and the total water contents of 3 %, 4 %, 
5 %, and 6 %. The data were normalized based on the initial weight of 
the specimen immediately after compaction. As seen in the figure, the 
evaporation data were modelled using the Michaelis-Menten model. 
Table 5 presents Y1, YA, H, and R2 of the mixtures.

The effect of initial moisture and gradation on the evaporation 
behaviour of water in aggregate mixes with various percentages (%) of 
LUW and water contents was investigated using the Michaelis-Menten 
model. The results show that specimens with low water levels (3 % 
and 4 %) exhibit the highest initial evaporation rates (Y1), indicating a 
rapid release of moisture under these low moisture conditions. This 
follows the model’s asymptotic values (YA), which suggest that these 
mixtures ultimately give a greater amount of evaporation than mixtures 
with a higher water content. In particular, finer gradations, such as 
60LUW, demonstrate more prolonged evaporation, as evidenced by 
higher YA values and increased half-times (H). This suggests that finer 
particulates retain moisture for a more extended period, potentially due 
to greater surface area interactions or capillary effects. In contrast, 
coarser gradations, such as 100LUW, exhibit more efficient moisture 
release, as evidenced by lower asymptotic values and a faster stabili
zation process (lower H), particularly at elevated initial moisture levels. 
The significance of particle size distribution and initial water content in 
determining the evaporation kinetics of these materials is further 

Table 5 
Michaelis-Menten model fitting parameters.

Mixture Y1 YA H

60LUW–3 % WC 43.10 96.28 10.04
80LUW–3 % WC 42.71 90.46 8.06
90LUW–3 % WC 41.49 96.70 5.77
100LUW–3 % WC 50.30 93.61 7.52
60LUW–4 % WC 47.20 89.20 10.57
80LUW–4 % WC 44.78 85.10 8.97
90LUW–4 % WC 50.02 87.30 7.72
100LUW–4 % WC 47.48 85.70 6.92
60LUW–5 % WC 33.94 74.00 7.49
80LUW–5 % WC 35.83 68.24 7.27
90LUW–5 % WC 38.08 74.84 8.13
100LUW–5 % WC 40.11 68.95 6.76
60LUW–6 % WC 24.02 61.79 6.36
80LUW–6 % WC 29.96 62.26 7.66
90LUW–6 % WC 23.46 55.87 4.59
100LUW–6 % WC 33.72 59.71 8.95

Fig. 14. ITS results after 56 days of curing.
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illustrated by this trend. Also, the highest variability of water loss is for 
the water content of 3 %, shown in graph “A”, and since no water was 
discharged from these mixtures during compaction (seen in the previous 
section with VFL of 85 % and below), it could suggest how the mixtures 
response to evaporation when they are not completely saturated. With 
one of the highest water losses due to compaction at an initial water 
content of 3 %, the 80LUW mixture exhibits the lowest water evapora
tion compared to the other mixtures. However, at the highest level of 
water content (6 % water content), the 90LUW mix, which had rela
tively higher average water loss due to compaction, showed the lowest 
water loss due to evaporation.

It is also clear from the modelled evaporation using the Michaelis- 
Menten model that as the water content increases, the evaporation on 
the first day (Y1) changes from 90LUW at 3 % to 80LUW at 4 % and 
60LUW at 5 %, and then again to 90LUW at 6 % water content. 100LUW 
had the highest water evaporation on the first day, except at 4 % water 
content, whereas 60LUW and 80LUW showed slightly higher 
evaporation.

4.6. Indirect tensile strength

Fig. 14 shows the ITS results for 60, 80, 90, and 100LUW at water 
contents ranging from 3 % to 6 %, compacted to 100 gyrations and 
cured for 56 days at ambient temperature and humidity. The results 
indicate that 80LUW mixtures perform better than the rest at water 
contents of 3 %, 4 %, and 6 %. Meanwhile, at 5 % water content, 90LUW 
showed higher tensile strength. Yet, the highest tensile strength, related 
to 80LUW, is approximately 490 kPa and remains similar at water 
contents of 3 % and 4 %. The lowest ITS is approximately 460 kPa, 
related to 100LUW, at a water content of 4 %.

5. Conclusion

This research studied the volumetric optimization of bitumen- 
stabilized materials (BSM) by integrating the Bailey packing method 
with an upper limit on voids filled with liquid (VFL). Mixtures with four 
different loose unit weight (LUW) gradations, including 60, 80, 90, and 
100LUW, were produced using the Bailey method, with water contents 
ranging from 3 % to 6 %. The specimens were compacted up to 100 
gyrations using SGC, followed by curing under controlled environmental 
conditions. The volumetric analysis of the mixes during compaction, 
water loss at the end of compaction, and evolutive water evaporation of 
the specimens after compaction were measured up to 56 days.The study 
suggests that employing the Bailey method and limiting the VFL can be 
effective in volumetric analysis, as well as in optimizing compaction 
properties such as workability and compactability, and in the BSM. This 
demonstrates the potential for sustainable pavement solutions that use 
100 % reclaimed asphalt. 

(1) The centroid for workability and compactability of the mixtures 
shows diverse behaviour. The study shows that in the range of 
experimented loose unit weight, 80LUW produces improved 
workability and compactability. As the material becomes finer 
(60LUW), both workability and compactability worsen. In 
contrast, as the gradation becomes coarser (90LUW and 
100LUW), compactability is maintained almost unchanged, but 
workability is reduced.

(2) The observations showed that for a given mixture, the water loss 
at the end of compaction could be used to estimate the suitable 
total water content without experiencing leakage.

(3) The results indicate that the reduction and increase of Vm with 
the increase in percent (%) LUW follows the Bailey method 
approach and that the Bailey method effectively identifies the 
mixture with the highest packing density for BSM.

(4) The study identified that a mixture produced using gradation 
corresponding to 80LUW and compacted at approximately 

4–4.5 % of total water content minimized the Vm (combined air 
and intergranular water content), preventing liquid seepage 
while achieving a higher post-curing strength. In contrast, coarser 
blends of 90LUW and 100LUW required higher water content to 
achieve densification and tended to lose strength when excessive 
saturation occurred. Based on the observations, a threshold of 
VFL ≤ 85 can be used as a practical criterion for BSM production.

It is recommended that future research focus on diverse sources of 
RAP and curing conditions, as well as the freeze-thaw cycles effect on 
void properties, and relate the proposed volumetric targets to long-term 
performance metrics.
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