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ABSTRACT 

 
Porous asphalt (PA) has been widely used in many countries because of its positive benefits 
such as efficient water drainage, improved safety in wet weather conditions, and noise reduc-
tion. However, the attractive features of PA do not last for a long time due to the performance 
degrading of PA caused by clogging, stripping, and accelerated aging. Application of fiber re-
inforcement materials can be a possible solution to overcome the structural weakness in po-
rous asphalt pavements. This paper focuses on the fatigue investigation of fiber-reinforced 
porous asphalt composite systems using a model mobile load simulator (MMLS). Carbon fi-
ber reinforcement polymer (FRP) grids were used to strengthen the fatigue resistance of po-
rous asphalt. To this end, FRP were placed between two asphalt layers as a reinforcement in-
terlayer. The dynamic fatigue traffic loadings were applied on the top surface of reinforced 
specimens to investigate the performance improvement by reinforcement materials. These fa-
tigue tests were conducted under four different conditions: unreinforced and reinforced at 
dry; unreinforced and reinforced at wet. During the fatigue tests, transverse and longitudinal 
strains at the bottom of specimen were measured by installed strain gauges and the transverse 
profiles of surface deflection were periodically measured in the middle of specimen by the 
profilometer. The coaxial shear test (CAST) was conducted to characterize the complex 
modulus of porous asphalt and the stiffness changes by aging and water conditioning. The 
stiffness difference between unaged and aged specimens was 25% at minimum and 55% at 
maximum. The surface deflection of porous asphalt was successfully reduced by 23% at dry 
and by 48% at wet conditions using interlaid carbon FRP grids. In addition, the reinforcement 
layer could increase the fatigue life by 23% at dry and by 27% at wet conditions based on 
MMLS test results. 

 
Keyword: Porous asphalt, Fatigue, Composite, Carbon FRP grids, MMLS, CAST 
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INTRODUCTION 

Porous asphalt (PA) or open graded friction course (OGFC) asphalt has widely been 
used for water drainage and noise reduction in order to improve traffic safety and comfort for 
both drivers and residents living in the vicinity of roads. PA consists mainly of coarse aggre-
gates with small amounts of sand and filler, thus creating an open texture and a permeable 
structure with high porosity. Due to its rough surface texture and large amount of pores in its 
mixture, porous asphalt improves skid resistance and provides good visibility while reducing 
spray and splash on wet surfaces. The traffic noise level on the roads is also reduced consid-
erably. Porous asphalt in Europe typically has air void contents in the order of 20%. Switzer-
land also started using porous asphalt (called drainasphalt DRA in German or asphalt drain-
ant in French) from 1979 along Swiss motorways. Based on the survey taken in 2004, eight 
of 26 Cantons in Switzerland used PA on the roads and a third of Canton Vaud motorways 
were covered with porous asphalt (1-3).  

Despite its environmental benefits, porous asphalt can suffer from several factors, 
which can affect both its performance and its service life (4-6). One of the most critical fac-
tors is the continuous exposure of binder film on the aggregate surface to oxygen, sunlight, 
and water. This can result in binder hardening by aging and the reduction of pavement service 
life by moisture damage (7). When asphalt hardens, aggregates can be stripped easily from 
asphalt mixtures. It is well known that, due to its high porosity, PA can age much faster than 
conventional dense mixtures. Results of full-scale road trials in England demonstrate that the 
life of porous asphalt is ultimately limited by binder hardening with material failures when its 
penetration index drops below 15 (8). Another critical factor is the water infiltration into the 
air void and binder film of PA mixture. Rain water penetrates through the porous matrix and 
it sometimes remains in the pavement layer keeping the asphalt in wet conditions for a long 
time. This moisture can cause some extra damage in porous asphalt by stripping the binder 
film from the aggregate surfaces. The structural capability of PA under heavy traffic loadings 
is debatable. The investigation by Potter and Halliday (9) showed that 40mm thickness of po-
rous wearing course was equivalent to the structural capability of 20mm hot rolled asphalt 
(HRA). Also, the Swiss standard suggests that 10mm thickness of the traditional Swiss base 
course mixture (HMT) is equal to 15mm of PA, and that the structural contribution of PA is 
equal to 65% strength of other surface mixtures, including mastic asphalt and stone mastic 
asphalt (SMA) (10). Dutch and Belgian researches concluded that, in comparison to dense 
mixtures, the layer thickness equivalent factor of 0.8 to 1.0 can be assigned to PA (11). In Ja-
pan, PA is assigned with the same equivalency factor as for other asphalt layers because there 
is no significant difference in terms of durability from their own trial pavement sections (12). 

The objective of this study is to investigate the fatigue behavior of fiber-reinforced 
porous asphalt composites using a model mobile load simulator (MMLS). Carbon fiber rein-
forcement polymer (FRP) grids were used as a reinforcement interlayer to increase the struc-
tural capability and the fatigue resistance. The reinforced and unreinforced porous asphalt 
composite systems were compared at both dry and wet conditions to characterize the per-
formance improvement by carbon FRP grids and to investigate the water sensitivity of rein-
forced porous asphalt composites. Also, the complex modulus of PA was obtained from the 
coaxial shear test (CAST), developed by Swiss federal laboratories for materials testing and 
research (Empa). 
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MATERIALS 

The Swiss standard, SN 640431-7a, contains requirements for surface course, base 
course, and drainage courses. It lists volumetric requirements such as mineral gradation, air 
void contents, and water permeability. In 2005, Switzerland had adopted the European speci-
fications for PA (13). The Swiss standards for PA recommended an 11 mm nominal maxi-
mum aggregate size (NMAS) with thickness of 30mm to 50mm for the surface layer. For the 
surface layer of high volume roads, only polymer modified binder should be used in PA. The 
requirement of air void content is 22% for surface layer and 15% for base layer. The most 
common PA in Switzerland, as shown in this paper, is the mixture with 11mm NMAS 
(PA11) and it is used as 40 mm wearing courses. Material properties of PA11 based on Euro-
pean standard are summarized in Table 1 (14). The grain size distribution of PA11 is shown 
in Figure 1 and it also shows the upper and lower limit bounds.  

There have been many applications to asphalt pavements using reinforcement materi-
als such as steel grids, geotextile, and glass fibers. However, reinforcement of asphalt pave-
ments with grids has attracted much attention and has triggered international initiatives such 
as the European Cost 348 REIPAS (15). Nowadays, a considerable variety of different rein-
forcement products and systems are available and still under development raising questions 
about appropriate applications. As shown in Figure 2(a), carbon FRP grids are composed of 
transverse carbon fibers and longitudinal glass fibers and the grids were coated by Styrene-
Butadiene-Styrene (SBS) polymer modified binder and chipped by fine sands to increase the 
surface roughness. The theoretical cross-sections for both glass and carbon fibers are 
50mmP

2
P/m. The mesh width; the distance between the neighboring fiber grids in longitudinal 

and transverse directions, is 20mm. The detail material properties of carbon FRP grids used 
in this study are shown in Figure 2(b). 

EXPERIMENTAL TESTS AND RESULTS 

Coaxial Shear Test  

The Coaxial shear test (CAST), as shown in Figure 3, was designed at Empa, in the 1980s 
and has been continuously developed further and improved (16). The CAST determines the 
mechanical properties of ring-shaped asphalt specimens under dynamic load cycles and tem-
perature changes. It is also able to perform modulus tests at wet condition. Inner and outer 
lateral surfaces of the specimens are sealed with epoxy resin and then glued to an internal 
steel core and an external steel ring respectively. Afterwards, the specimen with the steel ring 
is placed into the climatic testing chamber and mounted on a loading platform while the steel 
core is connected to the servo-hydraulic testing system. The outer diameter of CAST speci-
men is 150mm and the specimen height is 50mm. The detail specimen dimension can be 
found in Figure 3(b). The CAST set-up for specimen testing in water has been described in 
detail elsewhere (17). The repeatability of test results is within 2% to 3%. 

Temperature in the climatic chamber can be changed in saw-tooth temperature cycles 
and controlled with a tolerance of ±0.2°C. The servo-hydraulic system provides axial sinu-
soidal load cycles in controlled stress and strain mode. In particular, for the wet test, sinusoi-
dal loading cycles are selected to simulate the pressure-pumping effect of water in the asphalt 
mixture cavities. The displacement is measured on the upper surface of the steel core by 
means of an LVDT. Using the data acquisition software and the integrated finite element 
model, complex modulus *E  and phase angle are calculated taking into account the glue 

properties and geometry of the test set-up. In this study, coaxial shear tests were conducted 
under the following testing program:  
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- Temperature(°C): 10, 15, 20, 25, 30 
- Frequency (Hz): 0.125, 0.25, 0.5, 1, 2, 4, 8, 16 
- Load amplitude (kN): 0.1, 0.32, 1 
 

The modulus of test specimen was calculated using the following formula and the it-
erative coefficient function was derived by the finite element analysis (FEA) (18): 

*)(* GA
F

G
a

a

δ
=         (1) 

Where: 

G* = Complex modulus in shear, 

FBa B= Force amplitude along the steel core,  

δ Ba B = Displacement amplitude along the steel core, 

A(G*) = Coefficient function derived from FEA by recursive iteration 

The method of time temperature superposition was used to construct master curves at 
the reference temperature (25°C) based on Witczak’s sigmoidal function (19): 
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Where, 

E* = Complex modulus, 

δ = Parameter describing the minimum value of G*, 

f BrB = Frequency of loading at the reference temperature,  

α = Parameter describing the span between max and min value of G*, 

,  = Parameter describing the shape of the sigmoidal function, 

aBT B= Shift factor, determined with Williams-Landel-Ferry (WLF) relationship 

The shift factor (aBT B) is determined by Eq.3: where, T = temperature; TBRB = reference 
temperature; CB1 B and CB2 B are WLF constant coefficients. 
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The conversion equation to convert the measured shear stiffness |G*| to extensional 
complex modulus |E*| were employed. The theoretical approach using Poisson’s ratio of 0.35 
was assumed. 

Due to its high porosity, porous asphalt ages much faster than conventional dense 
mixes. The mixes have been in short-term (STOA) and long-term oven aged (LTOA) condi-
tions in accordance to the AASHTO Provisional Standards (20). Short term aging simulates 
the pre-compaction phase of the construction phase, and long term aging simulates aging that 
occurs over the service life of the pavement. In the first step, for STOA, laboratory-prepared 
loose mix asphalt was placed in a pan and spread to a thickness of 30mm - 40mm and condi-
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tioned in a forced draft oven for 4 hour ± 5 minutes at the mixture compaction temperature. 
Thereafter, for LTOA, the loose mix from STOA was used to prepare the specimens which 
were then aged in a forced draft oven at 85±3°C for 120±0.5 hours.  

The CAST results for porous asphalt in Figure 4(a) show an increase in the modulus 
due to aging especially at lower frequencies. The CAST results from unaged specimens show 
a wide range of phase angle than those of aged specimens. Properties of PA can be influenced 
by water exposure as shown in the example in Figure 4(c) and Figure 4(d). In order to deter-
mine the material sensitivity in the presence of water, CAST fatigue tests were performed in a 
dry state and under water. The tested temperatures were -10, -5, 0, 5, 10, 15, 20, 25, 30 °C 
and the frequency range was 0.25, 0.5, 1, 2, 4, 8, 16 Hz. In order to simulate field conditions, 
the mechanical properties of specimens under combination of repeated loading, water immer-
sion, and temperature cycles were applied. For example, it can be seen that the wet PA 
specimen is already displaying a reduction in complex modulus after the third cycle of load-
ing in comparison to the dry specimen (Figure 4(d)). All test results are average of two repli-
cates. 

Accelerated Pavement Fatigue Test 

Test Equipment and Specimen Preparation 

A model mobile load simulator (MMLS) was used to apply the accelerated fatigue traffic 
loadings on fiber-reinforced porous asphalt composite specimens as shown in Figure 5(a). 
The accelerated pavement fatigue tests were conducted at 25±1.0°C. Figure 5(b) and Figure 
5(c) shows the dimension of MMLS and its detail specifications. The width of MMLS is 
600mm and the maximum number of cycles is 0.5 million. 

The selected specimen dimension was 1,800mm length, 870mm width, and 60mm 
thickness. The specimen size was chosen to be larger than 1,200mm MMLS loading length 
and 600mm MMLS width. Four two-layered specimens were produced using PA11 for test-
ing with the MMLS. The specimens were compacted with a vibration roller compactor. As 
shown in Table 2, the thickness of bottom layer was 20mm with dense asphalt concrete 
(AC8) as a binder course and the thickness of top layer was 40mm with porous asphalt based 
on the recommendation of wearing course by Swiss standard. K1 and K2 composite systems 
were tested at dry condition but the reinforcement was not placed into K1 specimen. K3 and 
K4 composite systems were tested at wet condition to investigate the water sensitivity.  

The procedure for preparing fatigue test specimens are in four steps:  

1) Placing the hot-mix asphalt into the roller compactor and compacting the bottom AC8 
layer (Figure 6(a)) 

2) After cooling of the bottom AC8 layer, 5mm top surface is milled off and then polymer-
modified emulsion including 60% asphalt binder is applied on the top surface as a bond-
ing material (Figure 6(b)) 

3) Applying the flame to the emulsion and the surface of carbon FRP grids to have better 
bond conditions after drying the polymer-modified emulsion (Figure 6(c)) 

4) Compacting the top porous asphalt (PA11) layer after placing carbon FRP grids (Figure 
6(d)) 
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The bottom asphalt layer of specimen was produced with an additional thickness of 
5mm (total thickness 25mm). Before applying the reinforcement grid, these additional 5mm 
were milled off with a hand miller, resulting in a final thickness of 20mm. In order to simu-
late the compliance of the subbase, the specimens were supported by a cellular rubber pad 
with 12mm thickness and with 0.19MPa elastic modulus as shown in Figure 6(e). Also, K3 
and K4 specimens were placed in a water bath with 20mm water level below the top surface 
of specimen.  

In order to measure the strain responses during MMLS testing, strain gauges (in Ger-
man, Dehnungsmessstreifen DMS) were installed on the bottom of porous asphalt layer, 
40mm from the top surface, as shown in Figure 7. One DMS was arranged longitudinally 
(DMS1) and two in the transverse direction (DMS2 on the bottom side and DMS3 on the top 
side). These DMS strips with 120mm length are in a plastic bag and their elastic modulus, 
2.75GPa, is close to that of normal asphalt concrete at room temperature.  

FATIGUE TEST RESULTS AND DISCUSSIONS 

Strain Results 

The strain responses have been measured during the entire MMLS testing and the strain 
gauges measured the data for 30 seconds every hour. Each channel stored 100 measurements 
per second. Figure 8 shows the measured strains of reference specimen (K1) in the beginning 
of testing. Each peak value of strain curves corresponds to the individual tire loading of 
MMLS. Table 3 shows the average strain amplitudes, the differences between neighboring 
local maximum and minimum values such as point A and point B in Figure 8. The amplitude 
of transverse strains was larger than amplitude of longitudinal strains. The transverse strains 
decreased by 10% at dry and by 15% at wet condition when the reinforcement is applied. 
Additionally, the ratio between transverse (DMS2) and longitudinal (DMS1) strains de-
creased for fiber-reinforced specimens by 9% at dry condition and by 25% at wet condition.  

Transverse Surface Profiles 

During MMLS testing, the transverse profiles of surface deflection were measured from the 
cross section in the middle of the specimen by the surface profilometer. Figure 9 shows the 
transverse surface profiles for all tested specimens at different fatigue loading cycles. Due to 
the faster specimen failures, specimens tested at wet conditions (Figure 9(c) and Figure 9(d)) 
have fewer profile curves compared with specimens tested at dry condition. The maximum 
deflection at dry condition under the wheel path was 7.648mm without reinforcement and 
5.868mm with reinforcement at 370,000 cycles (Figure 9(a) and Figure (b)). The deflection 
reduction of reinforced specimen was 23% at dry condition. Also, the maximum deflection at 
wet condition was 4.777mm without reinforcement and 2.476mm with reinforcement at 
150,000 cycles (Figure 9(c) and Figure 9(d)). The surface deflection of reinforced specimen 
was significantly reduced with 48% reduction ratio. As summarized in Figure 10, the fiber re-
inforcement significantly affected the surface deflections at both dry and wet conditions. 
However, the deflections at wet condition were less than those at dry condition. The lower de-
flections at wet condition came from localized surface failures on the wheel path, which was due to 
less adhesion by moisture damage.  

Specimen Failures 
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Table 4 shows the number of loading cycles for all test specimens until the full-depth longi-
tudinal fatigue cracks occurred. At dry condition, the unreinforced specimen had the full-
depth fatigue cracks between 310,000 and 320,000 cycles. On the other hand, the reinforced 
specimen had the full-depth fatigue cracks between 380,000 and 390,000 cycles. Also, at wet 
condition, the unreinforced and reinforced specimens had the full-depth fatigue cracks at 
around 220,000 and around 280,000 cycles respectively. Based on the MMLS fatigue test re-
sults, the fiber reinforcement improved the fatigue crack resistance both at dry and wet condi-
tions. Figure 11 compared the specimen failure results for all four specimens at the end of 
MMLS tests. Figure 11(a) shows the top and bottom side of unreinforced specimen at dry 
condition. Figure 11(b) shows both top and bottom sides of reinforced specimen tested at dry 
condition. The unreinforced specimen had many fatigue cracks at bottom side while the rein-
forced specimen had much less fatigue cracks. Figure 11(c) and Figure 11(d) show the top 
sides of unreinforced and reinforced specimens tested at wet condition. The unreinforced 
specimen tested at wet condition showed significant stripping with wider and deep failures on 
the surface. The reinforcement materials improved the fatigue performance and the durability 
of porous asphalt. 

SUMMARY AND CONCLUSIONS 

This paper introduced the application of carbon FRP grids to improve the fatigue re-
sistance of porous asphalt. The aging and moisture sensitivity of porous asphalt were investi-
gated by the Swiss CAST test. The MMLS was successfully used as an accelerated pavement 
testing equipment to apply dynamic fatigue traffic loadings on the surface of specimens. The 
fatigue behaviour for both reinforced and unreinforced specimens was observed and meas-
ured by installed strain gauges and the surface profilometer. The fatigue tests were performed 
at both dry and wet condition to compare the water sensitivity and to investigate the perform-
ance improvement by reinforcement materials. However, further analyses on quantifying the 
benefit of grid system are still needed and should be incorporated in the pavement design 
method. Based upon the findings of this study, the following conclusions are drawn: 

- The use of interlaid carbon FRP grids to porous asphalt led to the improvement of 
fatigue resistance of porous asphalt when MMLS fatigue loadings were applied.  

- The CAST results showed the stiffness hardening of porous asphalt by aging and 
it was significant at lower loading frequencies. The aged specimens showed 
higher stiffness with the minimum of 25% and the maximum of 55%. Also, CAST 
results tested at wet condition proved that the water sensitivity of porous asphalt is 
an important factor due to significant reduction in stiffness.  

- Based on the strain and deflection measurements during the MMLS fatigue load-
ing, the transverse strain of porous asphalt specimen decreased by fiber rein-
forcement by 10% at dry condition and by 15% at wet condition. The surface de-
flection reduction by reinforcement materials was 23% at dry condition and 48% 
at wet condition. 

- Carbon FRP-reinforced specimens had longer fatigue life by 23% at dry condition 
and by 27% at wet condition based on the number of loading cycles when the full-
depth fatigue cracks occurred. Also, failed porous asphalt specimens without rein-
forcement materials showed more fatigue cracks on the bottom side and more 
stripping on the top loading surface.  
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TABLE 1 Asphalt binder and mixture properties 

 Properties PA 11 
Percentage of Binder (Mass %) 4.90 

Density (kg/mP

3
P) 2466 

Area Density, SSD (kg/mP

3
P) 1967 

Percentage of Air Void (Vol.%) 20.2 

Marshall 
Specimen 

Voids Filled with Asphalt, VFA (Vol.%) 31.6 
Marshall Stability (kN) 6.0 Marshall 

Properties Marshall Flow (mm) 3.8 
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TABLE 2 Asphalt concrete specimens, system characteristics 

Carbon FRP grid position 
Specimen 

Test 
condition

Thickness t1 
bottom AC 
layer [mm] 

Thickness  
t2 top PA 

layer [mm] 
From top 

[mm] 
Reinforcement 

K1 Dry 20 40 0 No Reinforcement 
K2 Dry 20 40 40 Reinforcement 
K3 Wet 20 40 0 No Reinforcement 
K4 Wet 20 40 40 Reinforcement 
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TABLE 3 Measured average strain amplitudes 

Average amplitude 
of strain (%) Specimen 

Test 
condition 

DMS1 DMS2 DMS3 

DMS2/DMS1 
(Trans./Long.) 

K1 No reinforcement 0.0224 0.0298 - 0.00490 1.33 

K2 Reinforcement 0.0222 0.0268 - 0.00710 1.21 

K3 No reinforcement 0.0192 0.0260 - 0.00509 1.35 

K4 Reinforcement 0.0218 0.0221 - 0.00585 1.01 
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TABLE 4 Number of loading cycles at full-depth longitudinal fatigue cracks 

Specimen 
Test 

condition
Reinforcement 

Number of cycles until full-
depth longitudinal cracks 

Number of cycles 
at test end 

K1 Dry No 310,000 – 320,000 500,000 
K2 Dry Yes 380,000 – 390,000 500,000 
K3 Wet No 220,000 – 230,000 320,000 
K4 Wet Yes 280,000 – 290,000 500,000 
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FIGURE 2 Details of Carbon FRP grid: (a) carbon FRP grid; (b) material properties of 

carbon FRP grid. 

Carbon FRP Grid 

Fiber Type 
Tensile 
Modulus  

(GPa) 

Ultimate  
Strain 

(mm/mm) 

Ultimate 
Force 

(kN/m) 
Carbon Fiber 
(Transverse) 

240 0.015 200 

Glass Fiber 
(Longitudinal)

73 
0.03 – 

0.045 
120 
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(a)                     (b)  

FIGURE 3 Details of coaxial shear test: (a) test set-up; (b) test principle and dimension. 
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(a)                     (b) 

 
     (c) 

 
      (d) 

FIGURE 4 CAST test results: (a) master curves for aged and unaged PAs; (b) black 

diagrams for aged and unaged PAs; (c) black diagram at dry condition; and (d) black 

diagram at wet condition.  
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Weight (kg) 800 
Evaluated track length (mm) 1,000 

Tire diameter (mm) 300 
Tire width (mm) 80 

Tire pressure (MPa) 0.6 
Load per tire (kN) 2.1 

Speed (km/h) 9 
Number of cycles per hour 7,200 

Maximum number of cycles 0.5 million 

(c) 

FIGURE 5 Details of model mobile load simulator (MMLS): (a) MMLS placed on the 

top surface of specimen; (b) dimension of MMLS; and (c) specifications of MMLS. 
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(e) 

FIGURE 6 Specimen preparation: (a) compaction of bottom AC layer; (b) milling off 

the compacted AC top surface; (c) placing carbon FRP grids and bonding by flame; (d) 

before applying upper porous asphalt layer; and (e) specimen in a water bath. 
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FIGURE 7 Installed strain gauge locations (unit: mm). 
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FIGURE 8 Initial strain measurements (K1). 
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FIGURE 9 Transverse profiles of surface deflection: (a) unreinforced at dry (K1); (b) 

reinforced at dry (K2); (c) unreinforced at wet (K3); and (d) reinforced at wet (K4). 
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FIGURE 10 Comparison of maximum surface deflection. 
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(a) 

   

(b) 

   

(c)                            (d) 

FIGURE 11 Specimen failures after MMLS tests: (a) K1 top (left) and bottom side 

(right); (b) K2 top (left) and bottom side(right); (c) K3 top side; and (d) K4 top side. 
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