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ABSTRACT: Gas diffusivity (Dp/D0: the ratio of gas diffusion coefficient, Dp, to gas diffusion in free air, D0) 

and air permeability (ka), and their variations with air-filled porosity () play key roles in surface gas exchange 

and vapor transport in permeable pavement and water-retentive pavement systems. This study carried out a 

series of laboratory measurements of Dp/D0 and ka for graded recycled concrete (RC) and clay brick (RCB) 

aggregates, and RC and RCB blended with autoclaved aerated concrete (AAC) grains at proportions of 20% 

and 40%. The tested samples were saturated after compaction, and the Dp/D0 and ka were measured during the 

drying process from saturation to air-dry. Results showed that Dp/D0 and ka of graded RC and RCB decreased 

most with increased proportions of AAC grains; in particular, the effect of AAC blending on Dp/D0() 

relationships decreased. For most tested samples, pore-connectivity factor and diffusion-based tortuosity (T) 

gradually increased with drying, and T values were decreased slightly by blending with AAC grains. Equivalent 

pore diameter for gas flow values of graded RC and RCB showed a clear decrease with drying; on the other 

hand, those of AAC blended RC and RCB did not depend on . Combining previous models and fitted T() 

relations for tested samples, the Dp/D0() relations and MLWs for ka() captured well the values of graded RC 

and RCB blended with AAC grains, implying that the previous gas transport parameter models would be useful 

for quick assessment of roadbed materials. 
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1. INTRODUCTION 

 

In order to reduce the surface temperature of 

paved surfaces and to mitigate the urban heat island 

effect, water-permeable and -retentive pavement 

systems have been investigated [1-4], and their 

applications to road construction are becoming 

popular [5-7]. The important mechanisms of the 

surface temperature reduction of road pavement 

systems are the surface gas exchange and vapor 

transport (i.e., evaporation) in the pavement 

systems, and the surface temperature reduction 

depends highly on the evaporation efficiency and 

water retention property of roadbed materials [8,9]. 

Many studies have been carried out to recycle 

construction and demolition waste (CDW) such as 

recycled concrete and clay bricks for road 

construction worldwide [e.g. 10-14] and to develop 

water-permeable and -retentive pavement systems 

utilizing various types of recycled materials from 

CDW, scrap construction materials [e.g., 

autoclaved aerated concrete (AAC)], and industrial 

by-products (e.g., steel slag) as roadbed materials 

[15-18]; however, most studies targeted mainly the 

hydraulic and mechanical properties of tested 

materials. Only limited information on gas transport 

parameters is available for roadbed materials in 

water-permeable and -retentive pavement systems, 

even though those parameters control the gas 

exchange and vapor transport processes and many 

researchers have proposed several gas transport 

parameters on soils or granular materials such as gas 

diffusivity (Dp/D0: the ratio of gas diffusion 

coefficient, Dp, to gas diffusion in free air, D0) and 

air permeability (ka) [e.g. 19-25]. In this study, 

Dp/D0, ka, and their variations with air-filled 

porosity () for graded recycled concrete (RC) and 

clay brick (RCB) aggregates, and RC and RCB 

blended with AAC grains at different proportions 

were examined in laboratory tests. In particular, the 

effect of including AAC grains on gas transport 

parameters and the  dependency of gas transport 

parameters and pore structural parameters were 

examined based on previous Dp/D0() and ka() 

models. 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

 

Waste concrete and clay bricks were taken from 
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CDW dumping sites in Hanoi, Vietnam (20° 59' 

21.6" N, 105° 53' 58.1" E), and scrap autoclaved 

aerated concrete (AAC) collected from Viglacera 

Joint Stock Company in Bac Ninh Province, 

Vietnam (21°11'50.8"N, 106°00'42.8"E) were used 

in this study. All materials were crushed by a jaw 

and hammer mill crusher and sieved to adjust target 

particle size distributions for graded road base 

materials as described in TCVN 8859 (2011) [26]. 

The samples were prepared as graded recycled 

concrete (RC) and recycled clay brick (RCB) 

aggregates with the particle size ranging from 0 to 

40 mm and AAC grains with the particle size 

ranging between from 0.106 to 2 mm. Photos of 

prepared samples are shown in Fig. 1, and the 

particle size distributions for graded RC, RCB, and 

AAC grains are shown in Fig. 2 together with the 

upper and lower boundaries of particle size 

distributions for road base materials described in 

TCVN 8859 (2011) [26].  

Basic physical and chemical properties of RC, 

RCB, and AAC are summarized in Table 1. The pH 

values of RC and RCB were high due to cement and 

mortar adhering to the waste clay brick. On the 

other hand, the pH of AAC was lower than the 

others. The water absorption (wabs in %) of AAC 

was much higher compared to RC and RCB. This is 

due to meso- and micropores rich in AAC grains 

and contributed to the water absorption [27]. In 

addition, wabs of RCB was slightly higher than that 

of RC. This may be attributed to inherent micro-

cracks inside the RCB aggregates. 

Seven samples were used for a series of gas 

transport measurements in this study: a single 

material (RC 100%, RCB 100%, and AAC 100%) 

and AAC blended with RC and RCB at two 

different proportions, 20% and 40% (RC 

80%+AAC 20%, RC 60%+AAC40%, RCB 

80%+AAC 20%, and RCB 60%+AAC 40%). Here, 

the blending of AAC with high wabs was expected to 

improve the water retention capacity of tested 

samples [15]. 

(a) RC aggregate (0-40 mm) (b) RCB aggregate (0-40 mm) (c) AAC grains (0.106-2 mm) 

Fig.1. Tested materials: (a) graded recycled concrete (RC) aggregate, (b) graded recycled clay brick (RCB) 

aggregate, and (c) autoclaved aerated concrete (AAC) grains. 

Table 1. Basic physical and chemical properties of recycled concrete (RC), recycled clay brick (RCB), and 

autoclaved aerated concrete (AAC) used in this study. 

Samples Gs wAD (%) 
wabs (%) 

pH* EC (mS/cm) LA (%) 
< 4.75 mm ≥ 4.75 mm 

RC 2.63 0.8 8.5 5.2 11.2 4.8 38 

RCB 2.64 0.3 14 13 10.7 0.0 46 

AAC 2.51 2.1 61 - 9.0 0.9 56 

Gs: specific gravity, wAD: air-dried water content, wabs: water absorption capacity, EC: electric conductivity, 

LA: Los Angeles abrasion. *pH in 1 mol KCl solution 

2.2 Measurement of Gas Transport Parameters 

For all tested samples, a compaction test (56 

blows with a 4.5 kg rammer from a height of 450 

mm of material in a cylindrical stainless mold with 

an inner diameter of 150 mm and height of 120 mm) 

[28, 29] was first carried out to determine 

compaction curves and the maximum dry bulk 

density (dmax) and optimum moisture content 

(OMC). The measured compaction curves are 

shown in Fig. 3. Except for RC 100%, the dmax and 

OMC of the tested samples were not clear. It is 

noted that the measured dry densities decreased 
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with increased proportions of AAC grains for both 

grades RC and RCB. 

Then, the gas transport parameters during the 

drying of samples from saturation to air-dry 

compacted at the approximate OMC were measured. 

The compacted samples were soaked in water for 

one week to achieve saturation. The samples were 

dried using a combination of sandbox (0 and 6 kPa 

in suction), pressure chamber (10, 100, and 1000 

kPa in suction), and air-drying (> 1000 kPa in 

suction). At the equilibrium of each suction level, 

the gas diffusion coefficient (Dp) and air 

permeability (ka) were measured in a climate 

controlled room at 20oC and 60% relative humidity. 

Dp was measured by a diffusion chamber method 

[30]. Oxygen gas was used in the assay, and Dp was 

calculated according to the method of Osozawa [31]. 

The ka was measured by a constant air head method 

[32].  

The air flow was supplied by an air compressor with 

constant pressure, and ka was calculated by Darcy’s 

law. 

2.3 Gas Transport Parameter Models and 

Pore Structural Parameters 

Power-law type models are commonly used to 

predict Dp/D0() for porous materials including 

soils: 

𝐷p/𝐷0 = 𝜀𝑋g  (1) 

where Xg is an exponent corresponding to the pore 

connectivity-tortuosity factor for gas diffusivity. In 

general, the Xg values used were typically either 2 

(Buckingham [19]) or 1.5 (Marshall [21]). Moldrup 

Fig.2. Particle size distributions of tested 

samples. Broken lines represent the upper and 

lower boundaries of particle size distribution for 

road base materials prescribed in TCVN 8859 

(2011) [26]. 

Fig.3. Compaction curves for tested samples. 

Zero void curves (ZVCs) for RC 100%, AAC 

100%, and RC and RCB blended with AAC are 

shown by broken curves. 

Fig.4. (a) Gas diffusivity (Dp/D0) as a function of 

air-filled porosity () for tested samples. The 

Marshal (1959) model [22], Buckingham (1904) 

model [21], and a linear line are given. (b) Air 

permeability (ka) as a function of air-filled 

porosity () for tested samples. Power-law curves 

(ka = Xa [27-29]) with Xa = 1.5 and  = 10, 60,

and 400 are given. Note that measured values in 

air-dried condition are enclosed in dashed circles. 
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et al. [33] proposed a Dp/D0() model using a 

diffusion-based tortuosity, T, assuming that pores of 

porous medium consist of tortuous and non-

constricted tubes with uniform and similar 

diameters [34, 22]: 

𝐷p/𝐷0 = 𝜀𝑇−2     (2) 

where T is the ratio of the average capillary tube 

length (Le) to the length of the porous media (L), and 

can be calculated using measured Dp/D0 data: 

𝑇 = 𝐿e/𝐿 = (𝜀𝐷0/𝐷p)
0.5

 (3) 

If T is expressed by an exponential function of ab, 

the Dp/D0() can be found by using Eq. (2): 

𝐷p/𝐷0 = 𝜀(a𝜀b)
−2

 (4) 

Furthermore, Millington and Quirk [22] and Ball 

[35] suggested the equivalent pore diameter for gas 

flow, deq, based on Fick’s law and Poiseuille’s law 

and correlated the Dp/D0 and ka: 

𝑑eq = 2[8𝑘a (𝐷p/𝐷0)⁄ ]
0.5

 (5) 

Combining Eqs. (4) and (5), a new ka() model can 

be derived: 

𝑘a = [(𝑑eq)
2
𝜀(a𝜀b)

−2
] /32      (6) 

3. RESULTS AND DISCUSSION

3.1 Measured Gas Diffusivity and Air 

Permeability and their Dependence on Air-

filled Porosity 

The measured Dp/D0 values ranged mostly 

between a linear (i.e., Dp/D0 = ) and a Marshal 

model (Dp/D0 = 1.5 [21]) at  < 0.1 and ranged 

between a Marshal model and a Buckingham model 

(Dp/D0 = 2 [19]) at  ≥ 0.1, except for the values 

measured in the air-dried condition (Fig. 4a). The 

Dp/D0 values of RC blended with AAC grains did 

not show a clear difference in Dp/D0() relationships. 

However, the values of RCB-blended AAC grains 

decreased slightly with increasing proportions of 

AAC grains. 

A power law–type model, ka = Xa [25, 36,37], 

was used to give the upper and lower boundaries of 

measured ka values for tested samples (Fig. 4b). The 

Xa represents the pore connectivity-tortuosity for air 

convection, and Xa = 1.5 was chosen analogous to 

the Marshal model [21]. The measured ka values 

ranged mostly from  = 10 to  = 400. Similar to 

the Dp/D0() relations, the effect of blending with 

AAC grains on ka() relationships was not observed 

for RC blended with AAC grains. For RCB, the 

measured ka values were decreased by blending 

with AAC grains, but there was no significant 

difference in the measured values of RCB 80% + 

AAC 20% and RCB 60% + AAC 40%. 

3.2 Pore Structural Parameters Based on 

Gas Transport Parameter Models 

The  dependence of gas transport parameters 

(Dp/D0 and ka) during the drying process and the 

blending of AAC grains with RC and RCB 

aggregates are controlled highly by changes of the 

pore network structure such as pore diameter, 

tortuosity, and connectivity. In this study, three pore 

Fig.5. (a) Pore connectivity-tortuosity factor 

(Xg), (b) diffusion-based tortuosity (T), and (c) 

equivalent pore diameter for gas flow (deq) as a 

function of air-filled porosity (). Note that 

measured values in air-dried condition are 

enclosed in dashed circles. 
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structural parameters, Xg [Eq. (1)], T [Eq. (3)], and 

deq [Eq. (5)], were examined based on the previous 

gas transport parameter models. The pore structural 

parameters calculated using measured Dp/D0 and ka 

values are shown in Fig. 5. The pore connectivity-

tortuosity factor (Xg) increased gradually with 

increasing  (i.e., drying) (Fig. 5a). The Xg values 

ranged mostly from 1 to 1.5 at 0 <  < 0.10 and 

ranged from 1.5 to 3.0 at  ≥ 0.1. In Xg() 

relationships, there was no significant effect of 

AAC blending with graded RC and RCB aggregates. 

Similar to Xg() relationships, diffusion-based 

tortuosity (T) increased with increasing  and 

ranged mostly from 1.0 to 2.3, with an average 

value of 1.6 (Fig. 5b). It can be seen that the T values 

were decreased slightly by blending AAC grains 

with both RC and RCB aggregates. It is noted that 

the measured T() relations in this study were 

opposite to the reported data from soil samples [33], 

meaning that the pores of soil samples reportedly 

became less tortuous with drying, but the pores of 

our tested samples became more tortuous with 

drying. This might have enhanced the connection of 

micropores of RC and RCB aggregates and AAC 

grains during the drying process and have resulted 

in a more tortuous pore network in the drier 

condition. The values of equivalent pore diameters 

for gas flow (deq) of graded RC and RCB showed a 

clear decrease with drying and ranged from 45 to 60 

mm for 100% RC and from 35 to 80 mm for 100% 

RCB. However, the RC and RCB aggregates 

blended with AAC grains did not show the  

dependence and ranged mostly from 20 to 60 mm  

 (Fig. 5c). This suggests that the connected pores of 

AAC-blended samples became more uniform due to 

the water drainage from AAC grains during the 

drying process. 

Categorizing the tested samples into three 

groups, RC 100%, AAC 100%, and RC and RCB 

samples blended with 20% and 40% AAC grains, 

an exponential function of T = ab was fitted to the 

calculated T and is shown in Fig. 6. The exponential 

function fitted the T values well and represented the 

 dependence of T. It is noted that the T values were 

independent of  for 100% RCB, and a simple 

constant value of 1.6 is given (Fig. 6a). In the 

exponential function, higher a and b increased e 

more with increasing . It can be seen clearly that 

the mixing proportion of AAC did not affect the 

T() and a single exponential equation, T = 2.77 
0.22(R2 = 0.81), captured the T() relations of graded 

RC and RCB blended with AAC grains (Fig. 6b) 

well. 

3.3 Estimation of Gas Transport Parameter 
Models 

By combining the previous Dp/D0 model and fitted 

T() relationships of tested samples in Fig. 6, the  

Fig.6. Fitted exponential curves to T() 

relationships: (a) RC 100%, RCB 100%, and 

AAC 100%, (b) RC and RCB samples blended 

with AAC grains. Note that T values for RCB 

100% became almost constant (=1.6). 

Fig.7. Fitting curves calculated from Eq. (4): (a) 

RC100%, RCB 100%, and AAC 100%, (b) RC 

and RCB samples blended with AAC grains. 
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fitness between measured Dp/D0() data and Eq. (4) 

is illustrated in Fig. 7. Eq. (4) estimated the Dp/D0() 

relationships well for all tested samples at a whole 

range of  (i.e., from saturation to air-dry), 

suggesting that the accurate evaluation of T() 

relationships is important to predict the Dp/D0() of 

graded aggregates and their AAC blended samples. 

Using the observed deq range of tested samples and 

fitted T() relationships shown in Fig. 6, the ka() 

relations were calculated by Eq. (6) and the results 

shown in most likely windows (MLWs) for ka() are 

illustrated in Fig. 8. The MLWs captured the upper 

and lower boundaries of ka values at a whole range 

of  values, suggesting that Eq. (6) would be a 

useful tool for quick assessment of the air 

permeability of graded RC and RCB as roadbed 

materials. 

4. CONCLUSIONS

In this study, gas transport parameters for 

graded aggregates and their AAC-blended samples 

were measured during the drying process from 

saturation to air-dry in the laboratory, and the pore 

structural parameters were examined.  

The results showed that the gas transport 

parameters of graded RC and RCB mostly 

decreased with increasing proportions of AAC 

grains, but the effect of AAC blending on gas 

diffusivities decreased. The pore structural 

parameters derived from previous gas transport 

parameter models characterized well the pore 

structure network of tested samples. Remarkably, 

the pores of our tested samples became more 

tortuous with drying in contrast to the results in [23], 

probably because the connection of micropores of 

RC and RCB aggregates and AAC grains during the 

drying process and have resulted in a more tortuous 

pore network in the drier condition. It was pointed 

out that accurate evaluation of diffusion-based 

tortuosity (T in Moldrup et al. 2001 [23]) is 

important to predict the gas diffusivity and to 

quickly assess the air permeability of graded 

aggregates and their AAC-blended samples as 

roadbed materials. Especially, the gas diffusivity 

and the air permeability of RC and RCB blended 

with AAC samples could be predicted uniformly 

regardless of the content of AAC grains. In order to 

have an accurate prediction of gas transport in 

roadbed materials and to apply the knowledge to 

evaluating the vapor and gas transport in the water 

permeable and retentive pavement systems, further 

studies are needed, especially for developing 

accurate predictive gas transport models that enable 

incorporation of vapor and gas, water, and heat 

transport processes in pavement systems. 

Fig.8. Most likely windows for measured ka values: (a) RC 100%, (b) RCB 100%, (c) AAC 100%, and (d) 

RC and RCB blended with AAC grains. 
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