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Vardanega has presented a discussion of the paper by
Norambuena-Contreras et al [1] on the mathematical form of the
hydraulic conductivity of asphalt mixture, on the influence of
gradation on the hydraulic conductivity of asphalt mixture, and on
the air void connectivity of compacted asphalt mixtures. His
arguments are based on semi-analytical equations from previous
research works, such as Carrier [2] and Masad et al [3, 4].
Norambuena-Contreras and Garcia argue that these previous
semi-analytical equations do not explain the water flow through
asphalt mixture with a wide range of air void contents (Ayc).

Form of Mathematical Relationship

Kozeny-Carman equation is one of the commonly used equations to
estimate the hydraulic conductivity of porous media [2]. The
derivation of this equation is based on the assumption that the pore
structure of a material can be represented by capillary tubes and the
hydraulic radius theory applies [5]. The equation is valid only
for laminar flow [6]. According to Kutay [5], the Kozeny-Carman
equation does not apply to asphalt mixtures with hydraulic
conductivities less than 1x10 cm/s. This hydraulic conductivity is
obtained in mixtures with air void content higher than
approximately 25% [1], which is unrealistic for asphalt mixture.

In Norambuena-Contreras et al [1] it is stated that the forces
affecting the water flow through saturated asphalt mixture are the
surface tension, the liquid inertia, the water weight and the friction
of water against the walls of the asphalt mixture pores. This is
equivalent to the movement of bitumen through a crack in asphalt
concrete [7]. Depending on the size of pores and on their
connectivity, these forces will change their influence on the water
flow through asphalt mixture.

In Table 4, different equations representing hydraulic
conductivity versus air void content are shown. The exponential
power and hyperbolic models are commonly used fitting equations.
These three fitting models have not been deducted based on
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Table 4. Various Models Relating Hydraulic Conductivity with Air
Void Content.

Model Name Author Equation Form
Exponential Fitting B b-Ac
Model Cooley et al [8] k =ale)
Power Fitting . b
k=a
Model Kanitpong et al [9] (Ac)
Hyperbolic Fitting . K = a
N 1 =T A ) R
Model aatatmadja [10] (llA,C)—b
Norambuena-Garcia Norambuena-Contreras _(Lm]
Model etal. [1] k=g \Ae

physical considerations.

A good hydraulic conductivity versus air void content algorithm
should tend to 0 cm/s when the air void content of asphalt mixture is
0% and should tent to an asymptote when the air void content
approaches to 100%. The reason for this is because air void content
100% represents an empty water conduit with the same diameter of
the test specimen. Water cannot circulate faster than in this case.
This allows us to discard immediately the Exponential and Power
fitting models, because they do not tent to an asymptote. Moreover,
the Hyperbolic fitting model [10] has not been deducted from any
known factor affecting the water flow through asphalt mixture.

The Norambuena-Garcia model (see Table 4), proposed in
Norambuena-Contreras et al [1], is the only existing algorithm that
considers all the forces influencing the water flow through asphalt
mixture. It presents a certain resemblance to the Hyperbolic fitting
model shown in Naatatmadja [10] but it is not equivalent.

In addition, Fig. 7 shows the comparison of a simple power law
and the Norambuena-Garcia model. Although the value of the
coefficient of determination (R?) is higher for the power law fitting
(0.845) than for the Norambuena-Garcia model (0.822), both values
cannot be compared because the power law measures the variation
of hydraulic conductivity, explained by air void content, while the
Norambuena-Garcia model measures the variation of the logarithm
of hydraulic conductivity, explained by air void content. R? can be
used only to compare similar variables with the same fitting model
(e.g. Garcia et al [11] and Norambuena-Contreras [12]).

Gradation Influence and Air Void Connectivity

In Fig. 5, a P-P plot of the hydraulic conductivity data for all the
mixtures tested is shown. In this figure, a log-normal probability
distribution has been used. The reason for this is because water flow
through asphalt mixture is a stochastic process: Consider a thin
section of asphalt mixture, of differential width, dh, with air void
content, e;.Water will circulate through this section at a speed, dh/dt
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(see Eq. (9)). The water speed is equivalent to the hydraulic
conductivity of the thin section, and equal to k;. The water speed at
the beginning of the next thin section will be k; If the hydraulic
conductivity value of the second section is kj, the total combined
hydraulic conductivity of both sections (k) will be k = k;x k.

This means that the hydraulic conductivity of asphalt mixture test
samples with equivalent air void content will have a logarithmic
distribution. For this reason, only the logarithm of the hydraulic
conductivities can be compared.
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