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� A parameter optimization approach
combined with the finite element
method is proposed to study moisture
transport in bitumen.

� Clustering of water molecules occurs
at high relative humidity levels,
accompanied by significant decrease
of moisture diffusion coefficient.

� The diffusion coefficient and water
cluster size of each binder type
depends on the bitumen chemical
and structural properties.

� The Flory-Huggins analysis of
moisture isotherms reveals a feasible
method to measure the bitumen
solubility parameter.
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Moisture in bitumen and at the bitumen-aggregate interface affects the cohesive and adhesive properties
of asphalt mixtures, which are critical for the service performance and durability of pavements. This
paper aims to investigate the kinetics and thermodynamics of moisture transport in bitumen at various
temperatures and relative humidity for different bitumen types. Transport models are introduced to
study the moisture transport mechanisms. A parameter optimization approach combined with the finite
element method is applied to simulate moisture transport behavior. Results show salient sorption
increase at higher relative humidity levels (more than 70%), indicating the occurrence of clustering of
water molecules in bitumen, which can lead to a significant decrease of the diffusion coefficient.
Transport models show great quality in simulating experimental results, in which the S-Cluster model
provides a detailed explanation of the moisture transport mechanisms and describes better the perfor-
mance at high sorption levels. The diffusion coefficient, cluster size and activation energy were deter-
mined and were found to be linked to the bitumen chemical and structural properties. The transport
kinetics and thermodynamics are expected to contribute to a comprehensive understanding of moisture
transport behavior in bitumen and further of pavement moisture damage at complex and interacting
environmental conditions.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Bitumen is a widely-used binder for paving roads and water-
proof applications especially for roofing. Climatic factors have a
significant influence on bituminous mixtures including moisture,
temperature, UV radiation etc. For example, UV light can accelerate
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the ageing process and result in an increase of bitumen stiffness
and brittleness [1]. Moreover, temperature controls the viscoelastic
response of bitumen, whereas moisture can significantly affect the
mechanical properties of bitumen and bituminous mixtures [2].
The pavement failure in the presence of moisture occurs mainly
due to the loss of bitumen cohesion and of adhesion at the
bitumen-filler (in mastic systems) or bitumen/mastic-aggregate
interfaces. The failure mode changes from cohesive to adhesive
with increasing moisture concentration and decreasing tempera-
ture [3,4]. The cohesive energy density inside bitumen decreases
due to the volume increase as moisture diffuses into the bulk [5],
and results to decreased cohesion strength of bitumen [6]. Adhe-
sion loss may be more serious compared to cohesion failure at
moist conditions [7] and adhesion strength at the mastic-
aggregate interface can be assumed as a function of moisture con-
tent [8].

Moisture transport in bituminous mixtures involves convective
flow in the void network, diffusion within the bulk bitumen/mastic
and accumulation at the mastic-aggregate interface. Diffusion is
one of the crucial mechanisms leading to moisture damage, and
can be defined as the molecular motion generated by the moisture
concentration gradient. Sorption refers to the thermodynamic
equilibrium state of moisture transport, including surface adsorp-
tion and bulk absorption. Diffusion describes the kinetics of bulk
absorption. Two factors are crucial in the processes of moisture
sorption and transport in bituminous materials: the rate of mois-
ture diffusion and the equilibrium moisture content (solubility)
[9]. Diffusion kinetics are generally characterized by Fick’s law
[10]. However, moisture diffusion in bitumen may display non-
Fickian behavior. The chemical composition and microstructure
of the bituminous matrix can strongly influence moisture sorption
and transport mechanisms, leading to deviation from Fick’s law
[11]. When absorbed moisture concentration is relatively high,
bonds amongst the water molecules (hydrogen bonding) and
bonds between the water molecules and the polar groups of mate-
rials can be created, accompanied by a reduction of the diffusion
coefficient [12]. The dual-mode model, the Langmuir-diffusion
model and the time-variation model have been developed to
address the non-Fickian behavior of moisture transport in bitumi-
nous materials [13–15]. Different materials also show different
adsorption kinetics, for example following first-order adsorption
rate or second-order adsorption rate laws, based on the surface
characteristics and the interaction between adsorbate and adsor-
bent [16].

Except for the kinetic surface adsorption and bulk diffusion pro-
cess, the equilibrium adsorption and absorption isotherms of mois-
ture are also of significant importance for moisture damage in
bituminous materials [9]. The Langmuir monolayer isotherm and
the Brunauer–Emmet–Teller (BET) multilayer isotherm are com-
monly utilized to describe the adsorption phenomena. Other mod-
els, i.e. the Guggenheim–Anderson–de Boer (GAB) model, Dubinin-
Radushkevich (DR) model, etc., have been introduced to explain
the multilayer adsorption of moisture at high relative humidity
[17]. Moisture absorption in materials containing polar groups,
such as bitumen, can exhibit a clustering behaviour at high concen-
tration as the water molecules do not only bond with water mole-
cules through hydrogen bonds, but associate with the hydrophilic
sites or polar groups of the materials [5,18,19]. Moreover, the sat-
urated moisture concentration (or moisture solubility) is as a func-
tion of relative humidity; at low relative humidity level, the
solubility can be expressed based on Henry’s law, whereas at high
relative humidity the Flory-Huggins solubility and other more
complex theories can be considered [20].

Limited studies have been done to investigate the moisture
sorption and transport behavior at bitumen scale. Spectroscopic
methods, such as the Fourier transform infrared-attenuated total
2

reflectance (FTIR-ATR) [11] and gravimetric methods [9] were used
to measure moisture diffusion in bitumen. FTIR-ATR can detect the
overall moisture content in bitumen films, that were subjected to
continuous water conditioning, by calculating the area from 3000
to 3800 cm�1 that characterizes the presence of moisture. Results
show that moisture sorption–desorption cycles increase the mois-
ture diffusion coefficient in bitumen, which could be attributed to
microstructural changes after cyclic moisture exposure as shown
in atomic force microscopy (AFM) images [21]. The gravimetric
methods monitor the mass change with time at sub-microgram
resolution. Other methods, such as the electrochemical impedance
spectroscopy (EIS) were used to measure moisture diffusion under
the assumption that the capacitance is correlated with moisture
content. The diffusion coefficient values determined in the various
studies show considerable deviations [22]. Two deciding factors
are responsible for the big differences of moisture diffusion coeffi-
cient from experiments: the systematic errors of measuring proto-
cols and the quality of theoretical transport models.
Aforementioned transport models including the dual-mode model
[11] and the Langmuir diffusion model [23] overall describe two
moisture transport modes: free mode and immobilized or less
mobile mode due to the attraction of water molecules to the func-
tional groups in bitumen or the clustering of water molecules.

This paper aims to study the diffusion coefficient and solubility
of moisture in bitumen at various combinations of temperature
and relative humidity. Transport models for describing the ther-
modynamic equilibrium sorption and kinetic transport of moisture
at the surface and in the bulk of bitumen were introduced and
compared to study the transport mechanisms and predict moisture
behavior in bitumen. A parameter optimization method was
applied to solve the transport models. The moisture sorption iso-
therms, transport kinetics and the water clustering mechanism
were further discussed.
2. Materials and methods

2.1. Sample preparation

In this study, two 70/100 penetration grade bituminous binders
supplied from Vitol and Total Energies, and one styrene–buta
diene–styrene (SBS) modified bitumen were used for performing
gravimetric tests to investigate moisture transport behavior in
bitumen. The bitumens are named as B1, B2 and B3, respectively.
The SBS modified bitumen was prepared by using the Vitol
70/100 penetration grade bitumen as the base binder and adding
4 wt% (by bitumen weight) Kraton D1102 SBS, which is a linear
block copolymer with 28.5 % styrene, provided by Kraton Corpora-
tion. For the preparation of the samples, first a small amount of
bitumen was cut from the stored bitumen and weighed in a
high-precision scale to a weight of 40 ± 1 mg; subsequently the
bitumen was placed in an aluminum pan with 2.75 mm height
and 8 mm diameter and then heated at 160 �C for approximately
60 s to allow bitumen to spread on the bottom of sample pan
and create a thin film (Fig. 1(a)).
2.2. Experimental procedure

The Dynamic Vapor Sorption (DVS) system from Surface Mea-
surement Systems (SMS) ltd. was used for the gravimetric tests
with a precise control and measurement of temperature, relative
humidity (RH) and mass change. The system measures the change
of sample mass with a resolution of 0.1 lg. Relative humidity is
controlled by mixing and adjusting the ratios of saturated water
vapor and pure dry carrying gas. A vapor stream at a specified rel-
ative humidity is purged into the sample chamber with a recom-



Fig. 1. (a) Moisture transport measurement procedures and DVS tests for moisture transport via (b) constant RH and (c) multi-step RH methods.

L. Ma, A. Varveri, R. Jing et al. Materials & Design 222 (2022) 111028
mended flow rate of 200 sccm (cm3/min). It is suggested that such
flow rate ensures instantaneous supplement of moisture concen-
tration loss above sample surface due to sorption of bitumen, thus
providing a constant boundary condition. In addition, such gas flow
rate could accelerate the transport process with little effect on the
isotherm results [24,25]. In this study, the air was used as carrying
gas to replicate the actual situation in the atmosphere. The effect of
oxidative ageing on the sample mass change and transport behav-
ior was neglected considering the low temperatures (10 �C to
40 �C) and short test periods (8 to 17 days).

To determine the time at which the sample has reached mois-
ture sorption equilibrium, often a dm/dt (change in mass within
a unit time) criterion is adopted, in which equilibrium is defined
when limited change in mass occurs for a specified time period.
However, for the moisture transport tests, the mass change rate
in the bitumen samples was smaller than the dm/dt value caused
by the instrument balance fluctuation in most cases. With the
dm/dt method, the test will never be completed due to the dm/
dt criterion but because of the achievement of the specified maxi-
mum step time. Therefore the time-based method was directly
used for moisture transport tests. A series of trial tests were per-
formed to define the duration of the humidity steps so as to ensure
that samples would reach equilibrium. On the basis of the trial
tests, a drying step of two (2) days at elevated temperature
(55 �C) was applied to remove pre-existing moisture in bitumen
samples and to balance the effects of any discrepancies during
sample preparation, as well as the subsequent 2 days at testing
temperatures to continue drying and provide a steady temperature
environment for further vapor loading.

Two test methods were applied to study the moisture transport
behavior, namely the constant RH and the multi-step RH tests
(Fig. 1(b) and (c)). The constant RH method consisted of two steps
i.e. 4-day drying and 4-day RH loading at 80 %, which is approxi-
mately the average relative humidity in Netherlands. The binders
(B1, B2 and B3) were tested using constant RH method at the
3

temperatures of 10 �C, 25 �C, 40 �C (and 55 �C exclusively for B1)
to investigate the effect of temperature on the moisture transport
kinetics of three types of bitumen. For the multi-step RH protocol,
after the drying step, RH was applied from 0 % to 100 % with a step
size of 10 % [26]. The moisture transport of B1 at three tempera-
tures (10 �C, 25 �C, 40 �C) was implemented following the multi-
step RH protocol to measure the moisture sorption isotherms at
different temperatures.

2.3. Surface area measurement

Aluminum has high surface energy and the bitumen in an alu-
minum pan is likely to flow and adhere to the side walls forming
a upward concave surface when heating as seen in Fig. 2. The Dig-
ital Microscope VHX-7000 with 100x lens from Keyence was used
to characterize the sample surface. Bitumen, as a black petroleum
residue, absorbs most of the lights from LED light source, making it
difficult to measure the surface structure. Therefore, the hydrated
lime filler Wigro 60 K was spread on the sample surface to create
a thin grey film. The filler has a percentage passing of 83 % for
the sieve size of 0.063 mm, much smaller than the thickness of
bitumen film, thus having limited effect on the measured results.
The concave surface curve of half a 2D cross section (assuming
symmetrical cross section over the center) was fitted using the
ellipse equation. Three samples with same preparation procedures
were measured to determine the average height of the ellipse (he in
Fig. 2). The bitumen sample surface thus composes of a cylinder
with the height of hc and a cylinder with height of he subtracted
by a ellipsoid having the same height of he.

2.4. Modeling methodology

The transport of moisture from environment to bitumen is con-
sidered to occur in two stages. Specifically, it is assumed that water
molecules are first adsorbed on the bitumen surface establishing a



Fig. 2. Microscopy measurement of bitumen surface and derived 2D geometry for FE simulations.
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constant surface water concentration. These adsorbed molecules
then diffuse into bulk bitumen due to the presence of a concentra-
tion gradient. Adsorption is theoretically much faster than bulk dif-
fusion, considering that the adsorption is a surface phenomenon
with a wider area exposed to the adsorbate while absorption is a
bulk behavior facing more resistance of the internal interaction
forces [27,28].

The pseudo-first order (PFO) model proposed by Lagergren is
widely used to describe the adsorption kinetics [29], suggesting
an adsorption rate equation following the first order relationship,
which can also be described as the linear driving force model [30]:

ds
dt

¼ aðsm � sÞ ð1Þ

where s denotes the adsorbed moles of gas per gram and sm is
the maximum adsorbed value, and a is the adsorption rate
constant.

From equation (2), assuming the initial value of s is 0, we can
get the solution of the PFO model:

s ¼ smð1� e�atÞ ð2Þ
Bulk absorption refers to the thermodynamic equilibrium state

of diffusion process when there are no macro voids. The diffusion
process is generally described by Fick’s law [31]. Fick’s first law
illustrates that the diffusion flux is proportional to the concentra-
tion and Fick’s second law predicts how the concentration changes
with time. When the diffusion coefficient is independent of con-
centration, Fick’s second law is defined as:

@c
@t

¼ Dr2c ð3Þ

where D is the diffusion coefficient, t is the time and c is the con-
centration of diffusing species.

Non-Fickian diffusion can take place when the diffusing gas/va-
por shows polarity such as water and the absorbent contains polar
groups such as bitumen. The dual-phase diffusion model has been
proposed to describe the moisture transport behavior [32]. This
model assumes that diffused molecules have two states: one state
describes molecules that are free to diffuse and the other state
refers to molecules fixed to certain sites or having much slower dif-
fusion rate. Both states still follow Fick’s law but with two different
diffusion coefficients D1 and D2 [12].

@c1
@t

¼ D1r2c1 ð4Þ

@c2
@t

¼ D2r2c2 ð5Þ
4

cmoi ¼ c1 þ c2 ð6Þ
where c1 is the free water concentration, c2 is the bound water con-
centration, and cmoi is the whole water concentration.

Besides, in the cluster model developed by Park [26,33], at
lower partial pressure, the water solubility is proportional to its
partial pressure as indicated by Henry’s law. As the water partial
pressure increases, the bulk water concentration is quite high, thus
causing the binding of a certain number of water molecules with
each other or with functional groups of bitumen through hydrogen
bonds:

nH2O� H2Oð Þn ð7Þ
where n represents the water number in a cluster.

The water concentration in the cluster mode can be described
according to the following equation:

ccu ¼ KcðkdPÞn=n ð8Þ
where, Kc is the equilibrium constant for the clustering reaction, kd
is the Henry’s law solubility coefficient, P is the water partial pres-
sure, and kdP is the water concentration in Henry’s mode. The
equation can be further converted to:

ccu ¼ bHðcH; c0HÞðcH � c0HÞ
n ð9Þ

where ccu is the water concentration in clustering mode, cH is the
concentration in Henry’s mode, c0H is the threshold of clustering,
b is the clustering coefficient, H is the Heaviside step function
and n is the average number of water molecules in an
agglomeration.

The overall bulk concentration is composed of the water con-
centration in Henry’s mode and in clustering mode:

@cb
@t

¼ @cH þ @ccu
@t

¼ D
@2cH
@x2

ð10Þ

where cb is bulk water concentration, D is the Henry’s diffusion
coefficient. The water in clustering mode is considered not partic-
ipating in the diffusion process.

According to equation (8), the time differential of clustering
concentration is:

@ccu
@t

¼ bn cH � c0H
� �n�1 @cH

@t
ð11Þ

Therefore the diffusion kinetics is defined by:

ð1þ bn cH � c0H
� �n�1Þ @cH

@t
¼ D

@2cH
@x2

ð12Þ

From equation (10), the pseudo diffusion coefficient can be
defined as:
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Dpse ¼ D

ð1þ bn cH � c0H
� �n�1Þ

ð13Þ

To study the moisture transport mechanisms and characterize
the moisture transport kinetics of bitumen including surface
adsorption and bulk absorption three models, namely the S-Fick
model, the Dual model and the S-Cluster model, were proposed
and compared based on their ability to simulate the water trans-
port behavior in bitumen. Specifically, in the S-Fick model, surface
adsorption is represented by the pseudo first-order equation and
the bulk adsorption follows Fick’s law of diffusion. Four parameters
are to be determined including the maximum surface adsorption
mass sm�sf , the adsorption rate constant asf , the saturated bulk
absorption concentration csat�sf and the bulk diffusion coefficient
Dsf . In the Dual model, it is assumed that there are two water trans-
port modes, which both follow Fick’s law with specific diffusion
coefficients, hence with four unknown parameters, i.e. the satu-
rated moisture concentration c1 and the diffusion coefficient D1

of the first transport mode, and the saturated moisture concentra-
tion c2 and the diffusion coefficient D2 of the second transport
mode. In the S-Cluster model, the pseudo first-order equation is
used for surface adsorption, whereas bulk absorption is described
by the water cluster model, where the threshold of clustering c0H,
the clustering coefficient b, the average number of water molecules
n in a agglomeration, the maximum surface adsorption mass sm�sc,
the adsorption rate constant asc, the saturated bulk absorption con-
centration csat�sc and the Henry’s bulk diffusion coefficient Dsc are
undetermined parameters.
2.5. Model solutions

The finite element (FE) method was used to simulate the mois-
ture transport behavior in bitumen through COMSOL Multiphysics.
The symmetrical two-dimensional geometry of the bitumen film
was modelled based on the microscope results of the DVS samples
(as shown in Fig. 2). The triangular element was utilized to mesh
the geometry. For the FE simulations, no flux was specified for all
boundaries, except for the surface, and the initial water concentra-
tion of the bitumen was assumed to be zero. The surface water
concentration (namely the adsorbed water concentration) was
set to be constant for the bulk diffusion process, considering the
much faster equilibrium of surface adsorption. The three transport
models were then performed in the simulations, respectively. Pro-
viding the initial guesses of the unknown model parameters, the
overall mass change with time was simulated by spatial integra-
tion of moisture concentration in bitumen. Subsequently, the
unknown parameters were optimized by fitting the numerical
solution (simulated mass change) to the experimental data
obtained from the DVS tests.

Two fundamental parts of an optimization problem are the con-
trol variables and the objective functions. In this work, the control
variables are unknown parameters in the transport models as sum-
marized in Table 1. The objective function is defined by the global
least-squares objective function (Q):

Q ¼
X
t

ðsþM
ZZZ

cb �mlabÞ
2

ð14Þ

where t is the vapor loading time, s represents surface adsorp-
tion mass,M is the molar mass of water, cb is the bulk moisture
concentration and mlab indicates the experimental mass change.
The optimization process aims to determine the values of the con-
trol variables that minimize the objective function, i.e. the differ-
ence between simulated and experimental results. The objective
function has vast sensitivity to different parameter changes con-
sidering the magnitude difference of initial parameter values and
5

parameter bounds. Prior to the optimization, a scaling transforma-
tion is applied to all parameters to ascertain similar magnitude of
values.

For the inverse problem (determining the values of a set of
parameters providing simulated data which best match the mea-
sured data), in this case a non-linear inverse problem, an optimiza-
tion searching method may be trapped in different local optima
depending on the chosen initial estimations (seed values). It is
therefore indispensable to give good initial guesses for the param-
eter optimization procedures. The Monte Carlo (MC) method, the
Bound Optimization by Quadratic Approximation (BOBYQA)
method and sensitivity analysis were combined to determine the
unknown parameters in the moisture transport models as shown
in Fig. 3. The Monte Carlo Solver searches randomly the data points
from the uniform distribution inside the range of values specified
by the parameter bounds. The solver can find several local minima
inside the specific parameter intervals (if they exist). In order to
find all possible local minima with high accuracy, the parameter
values should be in a wide range and the sampling point density
should be high, requiring much longer computation times. The
BOBYQA method iteratively approximates the objective function
by a quadratic model [34], thus obtaining a faster convergence
rate. Instead of using MC to find more accurate values, BOBYQA
method was further applied to optimize the parameter values. To
conduct the parameter optimization, initial parameter values and
wide parameter bounds (10 to 100 times of initial value) were
determined for MC, as shown in Table 1, that had a relatively
sparse data point distribution, which considered the physical
meaning of each parameter on the basis of published data from lit-
erature and experimental results [22]. After obtaining optimized
results from the MC process, several parameter sets with lower
objective error and appreciable difference of parameter values
were chosen as initial guesses for BOBYQA optimization. The out-
put parameters from BOBYQA optimization were used again as
input to perform the BOBYQA optimization. This iteration was exe-
cuted until a difference of less than 2 % in the objective function
and the control variables was observed; then the optimization
was assumed to reach convergence and the final optimized param-
eter values could be obtained.
3. Results and discussions

3.1. Moisture transport models and solutions

3.1.1. Model optimization
To study the moisture transport mechanism and back-calculate

the moisture transport parameters including diffusion coefficient,
surface adsorption, bulk solubility etc., three models have been
proposed and solved using a multi-optimization method. The
objective function of various parameter sets and the corresponding
objective contours are shown in Fig. 4(a). MC calculates the objec-
tive function at mesh points over designated ranges. The darkest
green area implies the parameter value ranges with a lower objec-
tive error, about 95 � 100 mol/m3 for c2 and 5E-13 � 1.2E-12 for
D2. The parameter ranges obtained from the MC results are still rel-
atively high even after 10,000 points evaluation. The aforemen-
tioned BOBYQA method attempts faster parameter improvement
based on a quadratic approximation model in the trust region with
radius of 0.2 (relative to parameter value). The objective function
of BOBYQA method shows a rapid convergence in 400 evaluation
steps (Fig. 4(b)). In this case, after twice iteration evaluations, the
lowest objective error is acquired based on the fact that an extra
iteration shows the same or inversely higher objective error.

The optimized simulation results of the three moisture trans-
port models are illustrated in Fig. 5, together with the results of



Table 1
Overview transport kinetics models parameters.

Model Parameter Symbol Unit MC range
(min, max)

S-Fick Surface adsorption rate constant asf 1/s 0.05, 0.5
Equilibrium surface adsorption mass sm�sf kg 1E-9, 1E-8
Bulk diffusion coefficient of moisture in bitumen Dsf m2/s 1E-14, 1E-11
Saturated bulk absorption concentration of moisture csat�sf mol/m3 40, 120

Dual Diffusion coefficient of first transport mode D1 m2/s 1E-12, 1E-10
Diffusion coefficient of second transport mode D2 m2/s 1E-14, 1E-11
Saturated moisture concentration of first transport mode c1 mol/m3 20, 100
Saturated moisture concentration of second transport mode c2 mol/m3 40, 120

S-Cluster Surface adsorption rate constant asc 1/s 0.001, 0.1
Equilibrium surface adsorption mass sm�sc kg 1E-9, 1E-8
Number of water molecules in a cluster n / 1, 3
Clustering coefficient b / 0.1, 5
Threshold moisture concentration when cluster starts c0H mol/m3 20, 100
Henry’s bulk diffusion coefficient of moisture in bitumen Dsc m2/s 1E-14, 1E-11
Saturated bulk absorption concentration of moisture csat�sc mol/m3 40, 120

Fig. 3. Parameter optimization: (a) Flow chart of parameter determination protocol, (b) Parameter optimization results with multiple local minima.

Fig. 4. Optimization solution procedures of the Dual model for B3 at 25 �C and 80 % RH: (a) Objective error contour after 10,000 MC model evaluations; black symbols are
parameter values with objective smaller than 2E-04; only c2 and D2 are shown. (b) Diffusion coefficient convergence process with two BOBYQA iterations: the 2nd iteration
step used the final result from 1st BOBYQA optimization as initial parameter values.
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the classic Fick’s law model. Apparently, Fick’s law cannot describe
well the moisture transport behavior in bitumen. The three models
proposed in this work, i.e. the S-Fick, Dual and S-Cluster models,
show extremely high prediction quality. To further evaluate the
model performance with optimized parameters three metrics are
utilized. The root mean square error (RMSD) describes the residual
amount of simulation compared to experimental results:
6

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

ðyi test � yi modelÞ2

N

vuuut
ð15Þ

where N is the number of data points,yi test is the test observation
value, yi model is the model estimated value. The coefficient of deter-
mination (R2) indicates the correlation between modelled results
and experiment data:



Fig. 5. Comparison of the proposed moisture transport models results with the
classic Fick’s law results (denoted as Fick) for B1 at 25 �C and 80 % RH.
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R2 ¼ 1� RSS
TSS

ð16Þ

where RSS ¼ PN
i¼1ðyi test � yi modelÞ2, TSS ¼ PN

i¼1ðyi test � yi testÞ2. R2 is
likely to increase with an increase of the variable amount in a
model. The adjusted R2 with extra consideration of the number
of parameters in a model would allow us to compare models with
different numbers of independent variables [35].

R2
adjusted ¼ 1� ð1� R2ÞðN � 1Þ

N � k� 1
ð17Þ

where k is the number of variables in the model. Metrics of three
models are reported in Table 2. The R2 and R2

adjusted, with values
close to 1, demonstrate the great experiment-fitting capability of
the three models for bitumen at various temperatures (Fig. 6(a)).
The Dual model is relatively better than the S-Fick model in simu-
lating water transport kinetics with lower RMSE for most cases.
The S-Fick and Dual models have slightly lower performance at
higher temperatures, especially at the transition point from fast
to slow state diffusion (Fig. 6). At 55 �C, the RMSE values for the
S-Fick, Dual and S-Cluster models are 1.0E-3, 9.0E-4 and 3.1E-4
respectively indicating the superior performance of the S-Cluster
model at higher temperatures where increased water sorption
occurs.

3.1.2. Sensitivity analysis
Analysis was performed to investigate the sensitivity of the

model results with respect to changing parameters of the moisture
transport models. The effects of changing values on model outputs
were evaluated individually for all parameters and locally for cho-
sen points [36]. To evaluate the sensitivity of the target parameter,
all other parameters are fixed to the reference values, which are
Table 2
Evaluation of moisture transport models.

Metrics RMSE

Bitumen types Models B1 B2 B3

10 �C S-Fick 4.10E-04 6.80E-04 6.40E-04
Dual 3.50E-04 6.80E-04 6.50E-04
S-Cluster 3.90E-04 6.90E-04 6.40E-04

25 �C S-Fick 3.30E-04 2.70E-04 3.00E-04
Dual 3.20E-04 2.50E-04 2.30E-04
S-Cluster 3.10E-04 2.80E-04 2.70E-04

40 �C S-Fick 4.80E-04 6.30E-04 4.90E-04
Dual 3.10E-04 4.30E-04 4.30E-04
S-Cluster 3.60E-04 4.00E-04 4.70E-04

55 �C S-Fick 1.00E-03 / /
Dual 9.02E-04 / /
S-Cluster 3.06E-04 / /
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selected from the optimized parameter value sets. The local sensi-
tivity behavior is dependent on the choice of the reference param-
eter values, which should be discussed with caution. The target
parameter change ranges from 0.1 to 2 or to 10 (dependent on
parameters) times the reference value.

The objective function dependence on parameter changes is
shown in Fig. 7. For the S-Fick model, Dsf , csat�sf , and sm�sf show
similar effects on the objective function, while a has less impact
on the model outputs, which indicates more difficulty in finding
the specific value of a. All parameters acquire the minima at the
point of the reference values, suggesting a well-optimized
parameter value sets. There are seven unknown parameters in
the S-Cluster model, among which sm�sc, n, Dsc, csat�sc,c0H have high
sensitivity and b, a are less sensitive. The unsymmetrical sensitiv-
ity with respect to the minima axis, especially for n, b, a and c0H,
proposes extra attention for optimization procedures.

3.1.3. Sources of uncertainty in moisture sorption results
Three main factors were identified in this work that can cause

uncertainties in the moisture sorption results, namely the inherent
balance drift of DVS, the measurement stability and the sample
properties. DVS has an inherent balance drift (measured continu-
ous mass increase or decrease with time when no actual mass
change occurs), whose direction is independent of temperature
and other environmental conditions. The balance drift was charac-
terized by measuring the mass change of empty sample pans using
the constant RH method at test temperatures (10 �C, 25 �C, 40 �C).
The calibrated balance drift of DVS is ± 0.002 mg/4 days at all test
temperatures. The moisture sorption mass in the constant RH test
results is ca. 0.03 � 0.1 mg (dependent on temperature and bitu-
men type), suggesting an systematic error limit of 2.0 % � 6.3 %
due to the balance drift. The sample loading process with sample
contamination and equipment contact and the surrounding infer-
ence are specified as the measurement stability and could also
affect the measured moisture mass change of the DVS. What’s
more, bitumen samples have different sample mass and film thick-
ness. Specifically, the bitumen sample mass is controlled in the
range of 40 ± 1 mg and the measured he height is in the range of
1.3 mm � 1.7 mm.

To examine how the repeatability of moisture sorption tests is
affected by measurement stability and sample properties, three
B1 samples were measured at 25 �C following the same prepara-
tion and testing procedures. Any contaminations such as dust in
the sample pan and external interference could have noticeable
effect on moisture sorption, especially on the initial state when
contamination adsorption occurs, and the working conditions of
DVS equipment change (loading relative humidity). It can also be
seen from Fig. 8(a) and (b) that three samples show big difference
at initial stage and converge at the end of the curve shape at later
R2 R2-adjusted

B1 B2 B3 B1 B2 B3

0.997 0.989 0.995 0.996 0.988 0.994
0.997 0.989 0.995 0.996 0.988 0.994
0.996 0.988 0.995 0.995 0.987 0.994
0.999 0.999 0.999 0.999 0.999 0.999
0.999 1.000 1.000 0.999 0.999 1.000
0.999 0.999 1.000 0.999 0.999 0.999
0.999 0.996 0.999 0.999 0.996 0.999
0.999 0.998 0.999 0.999 0.998 0.999
0.999 0.999 0.999 0.999 0.999 0.999
0.996 / / 0.996 / /
0.997 / / 0.997 / /
1.000 / / 1.000 / /



Fig. 6. (a) Comparison between the experimental results (dotted lines) and the simulated results (solid line) of moisture sorption for B1 at 80 % using S-Fick model; (b)
Comparison the experiment-fitting performance of three models at 55 �C for B1 at 80 %.

Fig. 7. Parameter sensitivity analysis of (a) S-Fick model, (b) Dual model and (c) S-Cluster models using reference parameter values from the optimized results of sample B1 at
25 �C and 80 % RH.
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time. Therefore the surface adsorption is excluded using the S-
Cluster model and the repeatability of bulk absorption is also
determined. The relative errors (standard deviation / mean value)
8

of the measured equilibrium sorption (adsorption and absorption)
and the measured equilibrium absorption at 25 �C are approxi-
mately 15.3 % and 4.3 %, respectively. The 4.3 % deviation from



Fig. 8. (a) Moisture sorption curves for three replicate samples (R1, R2, R3) of bitumen B1 at 25 �C; (b) Moisture bulk absorption curves derived from the total sorption curves
using the S-Cluster model for the three replicate samples; (c) The effect of bitumen film shape on moisture sorption for B1 at 25 �C using the S-Cluster model; (d) The effect of
sample mass and ellipsoid height on moisture sorption for B1 at 25 �C using the S-Cluster model. The model parameter values are the same for all cases in (c) and (d), except
for the sample mass and ellipsoid height.

Fig. 9. Moisture sorption of bituminous binders at different temperatures and 80%
relative humidity for four days (data is collected every second; in the graph the data
points every 60 min are plotted).
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average sorption generates an objective error of ca. 1E-4. As shown
in Fig. 7, for the maximum surface adsorption, bulk solubility and
diffusion coefficient from three models, this deviation of measured
sorption mass could lead to a parameter uncertainty of ± 15 %. The
alpha and beta are less sensitive to sorption mass, therefore the
uncertainty of the optimized values is much higher. Except for
the uncertainty of experimental sorption mass, the FE geometry
could also affect the accuracy of optimized parameter values.
Fig. 8(c) depicts the sorption results using two geometries with
and without curved surface. The curved surface enables more areas
directly exposed to vapor, faster sorption can thus be seen in the
beginning. As shown in Fig. 8(d), the ellipsoid height of 1.3 mm
� 1.7 mm has limited effect on the moisture sorption, while the
sample of 40 ± 1 mg could cause 2.6 % sorption difference. To
reduce the relative systematic errors, increase the repeatability of
moisture sorption tests and obtain transport parameters with
lower uncertainty, it is recommended to increase sample mass
and have more replicate tests in follow-up studies.

3.2. Moisture transport behavior

3.2.1. Moisture transport at the relative humidity of 80 %
The experimental moisture sorption of three bituminous bin-

ders at multiple temperatures and 80 % relative humidity can be
seen in Fig. 9. The fast sorption rate is appreciable at initial stage
which is assumed to be combined surface adsorption and bulk
absorption. At slow state, the mass increase rate (the slope at each
point) decreases rapidly, where the surface adsorption is close to
9

the equilibrium state and mass increase is mainly due to the bulk
diffusion in bitumen. Equilibrium moisture sorption amount and
sorption rate increase with temperature for all bitumen types.
Three bitumen types display different transport behavior. Appar-
ently, at the same temperature, the SBS-polymer modified bitumen
(B3) shows much higher sorption amount than the base bitumen
(B1 and B2), and B2 has a slightly faster sorption rate compared
to B1.
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The optimized parameter values of the Dual, S-Fick and S-
Cluster models are listed in Tables 3, 4 and 5, respectively. The
Dual model and S-Fick models decompose the overall sorption into
two modes; the Dual model assumes both modes following Fick’s
law with different diffusion coefficients and the S-Fick model
assumes one mode belonging to surface adsorption and the other
mode to bulk absorption. Both models discern two transport types,
one with faster transport rate and the other slower transport rate.
Two transport types display higher sorption and faster transport
rate with increasing temperature. The faster mode in the Dual
model is approximately equivalent to the surface adsorption of S-
Fick model from the perspective of sorption mass and sorption
rate. One challenge here is to identify whether the faster transport
mode belongs to surface adsorption as assumed by the S-Fick
model or another bulk diffusion type. Many studies have discussed
adsorption and absorption processes of water in organic materials
[9,37]. Adsorption normally displays faster rate than absorption
due to fewer barriers from the surrounding components. Consider-
ing that, in this work, water sorption is measured using water
vapor, the faster transport mode can be assumed to be surface
adsorption. In this regard, the surface adsorption rate is more than
ten times faster than bulk absorption according to the parameter
values of the Dual model.

For the S-Cluster model, when the Henry’s absorption is lower
than the cluster threshold c0H, the S-Cluster model is the same as
the S-Fick model where fast surface adsorption dominates the
water sorption at initial state. The bulk absorption in Henry’s mode
increases gradually with time, along with the generation of water
cluster when the Henry’s concentration is higher than c0H. The clus-
ter absorption is dependent on the Henry’s concentration, cluster
size and cluster reaction rate. When the Henry’s sites in bitumen
are occupied, water molecules are primarily bound to polar sites
of bitumen or to each other to form water cluster groups. Clusters
have a larger volume size compared to a single water molecule.
According to the free volume theory, diffusion requires sufficient
spaces (free volume) with a certain size and enough energy for
molecules to jump between adjacent spaces [38]. A commonly
used equation to correlate penetrant size and diffusion coefficient
for dilute solutions is [39]:

D ¼ cTM0:5=ðgd1:8Þ ð18Þ
where c is a constant dependent on system properties, M is the

molecular weight of solvent, g denotes the viscosity of solvent and
d is the molecular diameter of penetrant. From this equation, it can
be inferred that two water molecules clustering together could
lead to an approximately-four (4) times lower diffusion coefficient.
Diffusion at higher temperature exhibits bigger cluster size
(Table 5), which verifies again the abnormal diffusion coefficient
change with temperature due to two counteracting factors, i.e.
the temperature and the cluster size. The B1 and B2 binders display
similar cluster size, which is larger than binder B3 at all tempera-
Table 3
Optimized parameters of the Dual model at 80% RH and different temperatures (T).

Dual T
(�C)

c1(mol/m3) c2(mol/m3)

B1 10 15.3 40.2
25 15.0 75.8
40 34.9 89.9
55 72.1 92.2

B2 10 12.8 49.4
25 13.5 69.7
40 52.9 53.4

B3 10 9.6 60.3
25 21.0 92.4
40 48.5 91.0

10
tures. The smaller water cluster size in the SBS modified bitumen
could be due to the internal structure of the bitumen-polymer sys-
tems limiting the formation of water clusters [40].

3.2.2. Moisture transport at multi-step relative humidity
Fig. 10 shows the isotherm results of B1 at three temperatures.

A linear correlation between relative humidity and moisture con-
tent can be observed when relative humidity is smaller than 70 %
� 80 %. At high relative humidity, sorption isotherms deviate from
the linear state, indicating a different water sorption mechanism.
The overall sorption amount increases with temperature at nearly
all the RH steps. As aformentioned, the S-Cluster model displays
better performance at higher sorption amount, therefore the S-
Cluster model was used to analyze multi-step sorption test results.
The S-Cluster model was simplified into the S-Fick model at low RH
steps when the Henry’s concentration is lower than the cluster
threshold. As depicted in Fig. 11, both surface adsorption and bulk
absorption display approximately linear realtionship with relative
humidity before ca. 70 % RH. At higher relative humidity, bulk
water clustering occurs and the moisture soprtion amount
increases rapidly with relative humidity, highlighting that cluster
formation is the dominatint mechanism at this stage.

3.3. Moisture diffusion coefficient

3.3.1. Moisture diffusion coefficient at the relative humidity of 80 %
Diffusion is an activated process, thus diffusion coefficient

increases with temperature. Studies [41] have shown that the dif-
fusion coefficient dependence on temperature follows the Arrhe-
nius equation:

D ¼ D0expð�EA=RTÞ ð19Þ
where D is the diffusion coefficient, D0 is the maximal diffusion

coefficient, EA is the activation energy for diffusion, T is the tem-
perature and R is the universal gas constant. The equation can be
modified to a linear expression:

lnD ¼ lnD0 � EA

R
1
T

ð20Þ

From Fig. 12(a) and (b), it can be observed that the diffusion
coefficients obtained from the Dual model and the S-Fick model
contradict the assumption of an Arrhenius-type temperature
dependence of the diffusion coefficient. The diffusion coefficient
at 25 �C is higher than other temperatures for the B1 and B2 bin-
ders. The S-Cluster model provides diffusion coefficient values that
follow precisely the Arrhenius equation. According to the Equation
(13) from the S-Cluster model, the real-time diffusion coefficient
keeps constant in the beginning (before clustering threshold) and
then decreases with increasing moisture concentration after clus-
tering occurs. In contrast, the diffusion coefficients obtained from
the S-Fick and Dual models could represent an average value over
D1(m2/s) D2(m2/s) Objective

3.0E-11 9.2E-13 8.0E-06
4.5E-11 1.6E-12 4.9E-06
2.7E-11 1.0E-12 4.8E-06
6.6E-11 2.3E-12 3.9E-05
3.0E-11 7.6E-13 1.7E-05
8.4E-11 2.9E-12 2.0E-06
3.0E-11 1.6E-12 8.8E-06
4.3E-11 1.1E-12 9.8E-06
4.2E-11 1.1E-12 2.7E-06
7.7E-11 1.8E-12 8.9E-06



Table 4
Optimized parameters of the S-Fick model at 80% RH and different temperatures (T).

S-Fick T
(�C)

Dsf (m
2/s) a(1/s) sm�sf (kg) csat�sf (mol/m3) Objective

B1 10 9.5E-13 0.012 9.0E-09 43.2 9.2E-06
25 1.7E-12 0.015 9.7E-09 76.1 5.2E-06
40 1.4E-12 0.011 2.1E-08 88.5 1.1E-05
55 2.6E-12 0.022 4.7E-08 95.3 4.9E-05

B2 10 1.0E-12 0.012 7.8E-09 47.0 2.3E-05
25 2.8E-12 0.018 1.0E-08 69.1 2.6E-06
40 2.5E-12 0.013 3.0E-08 58.7 1.9E-05

B3 10 1.0E-12 0.012 6.6E-09 60.5 1.2E-05
25 1.2E-12 0.014 1.4E-08 91.8 4.3E-06
40 1.9E-12 0.023 3.3E-08 91.9 1.2E-05

Table 5
Optimized parameters of the S-Cluster model at 80% RH and different temperatures (T).

S-Cluster T
(�C)

Dsc(m2/s) a(1/s) n sm�sc(kg) b c0H(mol/m3) csat�sc(mol/m3) Objective

B1 10 1.1E-12 0.010 1.13 5.9E-09 0.41 42.9 47.6 8.5E-06
25 2.1E-12 0.017 1.28 8.8E-09 0.90 67.0 75.2 4.7E-06
40 3.2E-12 0.017 1.68 1.5E-08 0.92 69.0 80.3 8.2E-06
55 5.5E-12 0.030 1.90 3.9E-08 1.01 87.0 94.6 4.3E-06

B2 10 1.6E-12 0.010 1.32 8.3E-09 0.40 35.3 41.2 2.4E-05
25 3.0E-12 0.014 1.42 1.1E-08 0.85 63.4 67.6 3.9E-06
40 4.6E-12 0.015 1.52 2.6E-08 0.91 53.1 59.0 6.4E-06

B3 10 1.8E-12 0.010 1.03 5.4E-09 0.56 39.3 54.2 1.1E-05
25 2.7E-12 0.016 1.26 1.2E-08 0.42 52.5 74.2 3.5E-06
40 3.6E-12 0.036 1.31 2.8E-08 1.08 75.0 86.2 9.0E-06

Fig. 10. Isotherm curves of B1 at different temperatures (i.e. 10 �C, 25 �C and 40 �C).
The dotted lines are fitting results using 4-order polynomial and the red lines
indicate the sorption before 70 % � 80 % RH when moisture content increases
linearly with relative humidity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the whole testing period. The S-Cluster model eliminates the effect
of clustering and acquires the Henry’s diffusion coefficient in dilute
solution, thus showing typical increase with temperature. Fig. 12
depicts the regression results of three bitumen types. The activa-
tion energy of B1 and B2 is similar and higher than that of the
B3 binder, which physically denotes a more difficult diffusive jump
of water molecules. The activation energy is solely affected by the
physiochemical and structural properties of bituminous binders.
Hence, it is reasonable that the B1 and B2 binders with similar
physical properties will show comparable activation energies. Add-
ing polymers causes the formation of a polymer network in bitu-
men, which could change the hopping barriers for water
molecules.
11
3.3.2. Effect of relative humidity on diffusion coefficient
The diffusion coefficient has been shown to decrease with

increasing water concentration due to clustering and immobiliza-
tion of water molecules through hydrogen bonding. According to
the S-Cluster model, the diffusion coefficient is a function of the
water cluster amount. A constant diffusion coefficient is expected
before the clustering threshold, after which the diffusion coeffi-
cient shows a rapid decline with water cluster accumulation
(Fig. 13(a)). For the multi-step sorption, the S-Cluster model was
utilized to solve the transport kinetics at every RH step in the con-
ditions of already existing moisture absorption from the previous
RH step, therefore the derived diffusion coefficients show the
Henry’s diffusion rate affected by Henry’s moisture concentration
(Fig. 13(b)). A general decreasing trend of Henry’s diffusion coeffi-
cient can be observed as the relative humidity increases (absorp-
tion increases), while this decline is much slower compared to
the effect of clustering behavior (Fig. 13(a)). The diffusion coeffi-
cient of Henry’s sorption is thus not exactly constant as the S-
Cluster model assumes. However, neglecting the decrease with
increasing Henry’s concentration is acceptable considering the
much more explicit clustering effect.
3.4. Thermodynamics of moisture transport

3.4.1. Isothermal surface adsorption and bulk absorption
According to the S-Fick and S-Cluster models, the overall mois-

ture sorption is divided into surface adsorption and bulk absorp-
tion as shown in Fig. 14. The pronounced increase of sorption at
100 % RH and 25 �C in Fig. 10 can be assigned to high surface
adsorption of moisture. The DVS equipment is calibrated at
25 �C, where almost 100 % RH can be generated. At higher temper-
ature, however, the actual relative humidity in the sample cham-
ber is 96 % � 97 % RH. For the saturated vapor partial pressure,
there is a dynamic equilibrium between the exchange of liquid
and vapor water. Therefore, even a small addition of water could



Fig. 11. Multi-step sorption tests and simulation results using the S-Cluster model of the B1 binder at temperatures of (a) 10 �C, (b) 25 �C and (c) 40 �C.

Fig. 12. Temperature dependence of diffusion coefficients obtained from the (a) S-Fick model, (b) Dual model and (c) S-Cluster model, where dotted lines are fitting results
using the Arrhenius equation.
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Fig. 13. Diffusion coefficient as a function of moisture concentration: (a) diffusion coefficient change with Henry’s concentration according to the S-Cluster model; (b)
diffusion coefficient (optimized using the S-Cluster model at each RH step from multi-step sorption results) at the various RH levels.

Fig. 14. Decomposed isotherm curves of B1 using the S-Cluster model: (a) surface adsorption, and (b) bulk absorption.

Fig. 15. The Henry’s constant for the Henry’s adsorption of water in bitumen at 80%
RH.

L. Ma, A. Varveri, R. Jing et al. Materials & Design 222 (2022) 111028
lead to vapor condensation, and as a result extremely high surface
adsorption at 25 �C could be expected.

Two factors are responsible for surface adsorption, namely tem-
perature and vapor partial pressure (relative humidity is the ratio
of vapor partial pressure and saturated vapor partial pressure),
which also increases with temperature. Physical adsorption of
vapor to the solid surface is accompanied by a decrease in entropy
and free energy of the system, and thus decreases with increasing
temperature. On the other hand, surface adsorption increases with
relative humidity (vapor partial pressure) at each temperature as
revealed from the adsorption isotherm curves from Fig. 14(a).
These two contracting factors are responsible for the adsorption
isotherms changing with temperature illustrated in Fig. 14(a).
The Clausius-Clapeyron equation [42] was used to describe the
isosteric heat of sorption Q st:

@lnp
@ 1=Tð Þ ¼

Q st

R
ð21Þ

The isosteric heat of sorption as calculated from the three sorp-
tion isotherms is about�42.13 � -35.85 kJ/mol, indicating an over-
all exothermic moisture sorption. The heat of condensation for
water is �43.99 kJ/mol. The isosteric heat of sorption of the water
surface adsorption is practically smaller than �43.99 kJ/mol taking
into account the extra energy release due to the van der waals
force interaction between water and adsorbate surface. The higher
heat of sorption indicates a different sorption behavior with
13
smaller energy release or even positive energy intake. The mois-
ture concentration in Henry’s mode is explained by Henry law,
where the dependence of Henry’ constant on temperature is
regressed by the Arrhenius equation, as shown in Fig. 15. The
enthalpy of dissolution for the three bitumen types is –33.9 � -3
5.9 kJ/mol, agreeing with the heat of sorption values as calculated
earlier using the Clausius-Clapeyron equation.



L. Ma, A. Varveri, R. Jing et al. Materials & Design 222 (2022) 111028
3.4.2. Moisture solubility at low relative humidity
There are two stages in the absorption isotherms: a Henry stage

for relative humidity ca. 0 � 70 % where a linear correlation exists
between relative humidity and water absorption and a clustering
stage with faster increase of absorption at higher relative humidity
levels. The Flory-Huggins solution theory is a well-known lattice-
based thermodynamic model of polymer solutions which considers
the interaction between solvent and solute according to the follow-
ing equation:

ln a ¼ ln/1 þ 1� /1ð Þ þ v 1� /1ð Þ2 ð22Þ
where a is the water activity, /1 is the water volume fraction

and v in the interaction parameter. The theory shows good agree-
ment with experimental results in semi-dilute concentration,
while fails to describe the water absorption behavior at higher
water activity (relative humidity) in some materials [43]. As the
water cluster mechanism is not considered in the Flory-Huggins
theory, the isotherm results from 0 to 70 % were used here to ana-
lyze the water-bitumen absorption and their interaction (vÞ, when
no clustering occurs. Moreover, the interaction parameter can be
derived from the Hansen solubility parameter as follows:

v ¼ Vmðd2 � d1Þ2=RT ð23Þ
where d1 and d2 are the solubility parameters of water and bitu-

men, respectively, and Vm is the molar volume of water. Regardless
of the complex components, the solubility parameter of a Venezue-
lan bitumen was reported as 19.2 MPa0.5 [44,45]. The solubility
parameter of water at 25 �C is 47.8 MPa0.5 [46]. As a result, an
interaction parameter of 5.94 for water-bitumen systems is
obtained from the Hansen solubility parameter. Fig. 16 depicts
the isotherm curves fitted by Flurry-Huggins theory, where an
interaction parameter of 5.79 is obtained at 25 �C, quite close to
that derived from the Hansen solubility parameter. A higher inter-
action parameter physically demonstrates the immiscibility
between water and bitumen. As temperature increases, the inter-
action parameter decreases, thus enhancing the miscibility of
water in bitumen. The interaction parameter is a function of recip-
rocal temperature and related to free energy of the mixing process,
which is not pronounced in Fig. 16 due to limited test tempera-
tures. The similarity of the interaction parameter from the iso-
therm curves and the solubility parameter signifies a possibility
to use water sorption tests as an indirect method to measure the
solubility parameter of bituminous binders.
Fig. 16. Isotherm results (symbols) and Flory-Huggins model regression (dashed
lines) at 10 �C, 25 �C and 40 �C.
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3.4.3. Cluster at high relative humidity
Zimm and Lundberg [47] introduced a cluster integral parame-

ter to illustrate the cluster tendency of water molecules in a
polymer:

G11=t1 ¼ �ð1� /1Þ @ða1

/1
Þ=@a1

� �
P;T

� 1 ð24Þ

where G11 is the cluster integral, t1 the partial molar volume of
diffusing species, a1 the water activity and /1 the water volume
fraction. When G11=t1 is smaller than �1, the water activity is lin-
early proportional to volume fraction, and gas or vapor molecules
are more likely to stay isolated. WhenG11=t1 > -1, the molecules
start to cluster and thus exert more complex effect on the whole
sorption and diffusion process. The mean number of water mole-
cules in a cluster (water cluster size) is denoted by /1G11=t1 and
is shown in Fig. 17(a). Bitumen, despite the existing polar groups
from aromatics and asphaltenes, is a hydrophobic material lacking
hydrogen bonding sites. Water molecules can have three states in
bitumen: free state, bound to polar sites, and water clusters. In the
case that the affinity between water and bitumen is much lower
than the affinity of water molecules themselves, water molecules
tend to cluster via hydrogen bonding. Due to the low solubility
of free water and the lack of polar sites, the water cluster behavior
is expected at higher relative humidity. Water cluster probably
occurs firstly among polar sites and grows using these sites as
nucleus as illustrated in Fig. 17(b).
4. Conclusions

Water transport in bitumen is one of the critical mechanisms
responsible for moisture damage in asphalt pavements. It is there-
fore of great importance to understand the water transport behav-
ior at various temperatures and relative humidity levels. To study
the moisture transport kinetics and thermodynamics in bitumen,
three moisture transport models were utilized and compared.
The effect of bitumen type, temperature and relative humidity on
the moisture transport behavior, especially the diffusion coeffi-
cient, solubility and cluster mechanisms were quantified and
evaluated.

The three models show a great overall quality of simulating the
experimental results. The S-Cluster model, however, have proven
to be more appropriate at higher sorption levels, compared with
the S-Fick model and Dual models. The S-Cluster model reveals
that the bulk absorption mechanisms comprises the Henry’s diffu-
sion with constant diffusion coefficient and the water cluster
mechanisms. The Henry’s diffusion coefficient follows precisely
the Arrhenius equation. At high moisture concentration levels,
water molecules could cluster together to form big droplets and
significantly decrease the moisture transport rate. In practice, the
S-Fick model and Dual models are recommended for simple mod-
eling and parameter determination considering the limited
unknown parameters. The S-Cluster model is highly recommended
when studying water transport at higher temperature and relative
humidity levels, at which high moisture sorption is expected, and
when a more detailed explanation of water transport mechanisms
is required.

The studied bitumen types possess different transport behavior
at the relative humidity of 80 %. Compared to the base bitumen, the
polymer modified bitumen has shown smaller water cluster sizes,
lower diffusion activation energy and higher sorption. These prop-
erties could be linked to the structure changes and polymer net-
work formation after adding the polymers. The two base bitumen
types also display differences in their diffusion coefficient and sol-
ubility, although they have the same penetration grade. A faster
diffusion coefficient seems to be accompanied by a lower solubility



Fig. 17. (a) Evolution of mean water cluster size with water activity for the B1 binder determined by the Zimm-Lundberg model, (b) water transport and clustering
mechanisms in bitumen.
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for the base bitumen. The effect of temperature of the moisture
sorption is quantified by the Clausius-Clapeyron equation. Both
surface adsorption and Henry’s solubility are proved to be exother-
mic processes. The overall sorption change with temperature is
dominated by the decrease of sorption at certain vapor partial
pressure and the increase of vapor partial pressure with increasing
temperature. At high relative humidity of 70 % � 100 %, the mois-
ture sorption increases much faster than at low relative humidity,
suggesting the occurrence of water clusters. To study the interac-
tion between moisture and bitumen, at low relative humidity,
the Flurry-Huggins theory was applied. The derived interaction
parameter is close to the value obtained from the Hansen solubility
parameter of water and bitumen, revealing a feasible method to
measure the Hansen solubility parameter of various bituminous
binders via moisture sorption tests. The cluster behavior at high
relative humidity is also verified by the Zimm-Lundberg model.
As a result, moisture in bitumen is firstly present as free state with
constant (or slightly decreasing with Henry’s concentration) diffu-
sion coefficient, and then bonded to polar sites of bitumen or clus-
ters together to form droplets via hydrogen bonding, accompanied
by a quick drop of the moisture diffusion coefficient.

The diffusion coefficient, activation energy, cluster size etc.
depend on bitumen properties such as free volume, viscosity, bitu-
men components, bitumen-polymer structures, ageing conditions.
Further study will be focused on the correlation between transport
parameters and bitumen properties, especially for bitumen at var-
ious ageing states.
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