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h i g h l i g h t s

� Compared connected and total void content in OGFC mixture.
� Measured expansion and contraction of OGFC mixture exposed to FT cycles.
� Evaluated degradation of mechanical performance of OGFC mixture subjected to FT cycles.
� Proved negative effect of clogging on OGFC with frequent FT cycles.
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a b s t r a c t

OGFC specimens with five air void contents and two clogging levels were scanned using X-ray computed
tomography (CT). The contents of total and connected voids before and after clogging were calculated
based on the reconstructed three-dimensional (3D) microstructure. The expansion and contraction of
unclogged and clogged OGFC during eight freeze-thaw (FT) cycles were measured using a self-
developed drainage instrument. Cantabro test and uniaxial compressive strength test were conducted
on OGFC specimens before and after FT cycles. Results show that the expansion of OGFC during freezing
is larger than the following contraction due to ice melting, which cause the residual expansion deforma-
tion in each FT cycle. OGFC has significant mass loss in the Cantabro test and reduction in compressive
strength after FT cycles. The accumulated residual deformation and mechanical degradation after FT
cycles increase with the increase of void content and clogging level.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Open graded friction course (OGFC) has been widely used in
asphalt pavements to improve traffic safety at rainy conditions
(e.g., high skid resistance, visibility improvement and reduction
of splash and spray) and provide environmental benefits (e.g.,
reduction of tire/road noise and enhancement of water runoff
quality) [1,2]. Rungruangvirojn and Kanitpong [3] reported that
the visibility of OGFC pavements increase by 1.4 times when com-
pared to pavement surface with dense-graded asphalt mixtures
(DGAM). Field study has showed that the noise of OGFC pavement
decreases by 3–6 dB and 5.5–10.5 dB as compared to DGAM and
Portland cement concrete respectively [4-7]. Mitchell [8], and Eck

and Klenzendorf [9] found that the total suspended solids and lead
present in the water runoff from OGFC decreases around 90% in
comparison to those from the traditional DGAM.

Despite of the functionality benefits of OGFC, engineering prac-
tices have found that the application of OGFC faces three chal-
lenges during its service life, including clogging of air voids
[10,11], raveling [12-14], and freeze thaw (FT) induced damage
in winter [15,16]. Mallick et al. [17] reported obvious loss in per-
meability of OGFC pavement after 2–3 years in service due to clog-
ging. According to Nielsen et al. [18], the clogging of OGFC
pavement in urban roads generally occurred in Japan after 3–4
years of construction. Hu et al. [19] found that the permeability
of one OGFC pavement section decreased from 1,700 ml/15 s to
450 ml/15 s after only eight months of construction. In addition,
OGFC freezes sooner and for longer periods in winter in compar-
ison to conventional asphalt mixture due to its high content of
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open and connected voids [6,20]. However, it limits the use of salt
or sand during cold weather events, since sand tends to clog the
open void structure of OGFC and salt will degrade the mixture
microstructure and reduce adhesive strength [21,22]. This causes
FT induced distress of OGFC, which limits its wider application in
cold regions. Hernandez-Saenz et al. [23] reported that 19 northern
states in the United States have discontinued the use of OGFC due
to FT induced distress. Unlike the OGFC used in the United States,
porous friction course (PFC) in Europe has coarser gradation, higher
in-place air voids, with thickness of 40–50 mm, which caused low
thermal conductivity (40–70% less than DGAM) and low internal
temperature in winter (2 �C lower than DGAM) [24]. In Nether-
lands, it was found that the temperatures fluctuation in winter
caused excessive raveling developed at different sections of the
Dutch primary road network [25].

Considering the negative effect of clogging, researchers have
investigated particle-related and deformation-related clogging of
OGFC mixtures. One of the first published studies on particle-
related clogging of OGFC was conducted by Fwa et al. [26]. The
results of the study indicated that the permeability decreased rel-
atively rapidly first and was followed by gradual reduction. Subse-
quently, the effect of aggregate gradations on particle-related
clogging behavior was evaluated by Tan et al. [27]. The permeabil-
ity loss of OGFC slab due to deformation-related clogging was
evaluated in laboratory by Chen et al. [11]. It was found that clog-
ging of OGFC could be reduced effectively by using larger nominal
maximum aggregate size (NMAS) and greater air voids. In the
clogged OGFC specimen, the critical sizes of trapped particles were
0.15–0.3 mm and 1.18–2.36 mm.

In addition to particle-related clogging, deformation-related
clogging was investigated recently. Hamzah et al. [28] found that
the permeability loss was significant on OGFC samples conditioned
at high temperatures. To eliminate inaccuracy in permeability
measurements due to binder creep, it is recommended that the
permeability test is conducted not exceeding one day after prepa-
ration of OGFC specimens. Chen et al. [11] conducted wheel rutting
tests on OGFC slabs with different loading times. Permeability loss
after wheel loading was evaluated to explore the effects of initial
air void content, NMAS, temperature, and loading pressure on
deformation-related clogging. In addition to the permeability loss,
clogging was also evaluated based on the internal structure of
OGFC obtained by X-ray computed tomography (CT). Coleri et al.
[29] compared X-ray CT images taken before and after full-scale
accelerated pavement rutting tests (APT) to investigate
deformation-related clogging of OGFC layers. It was found that
the air-void content of core samples decreased significantly after
APT rutting tests. Nielsen [30] compared CT images of cores drilled
from different lanes in OGFC pavements and found that clogging
was concentrated between wheel tracks and in emergency lane.
Ahmed [31] utilized CT scanning and three-dimensional (3D) visu-
alization to detect clogging of voids in OGFC cores and concluded
that X-ray CT together with image analysis were precise and versa-
tile tools in analyzing clogging degree of OGFC. Su et al. [32]
reported that the clogging occurred mainly 20 mm below pave-
ment surface after assessment of voids distribution of OGFC cores
using X-ray CT.

In terms of OGFC damage due to FT cycles, Feng et al. [33]
demonstrated that air voids in unclogged OGFC were more easily
affected by FT cycles than those in DGAM. Xu et al. [34] found sig-
nificant degradation in internal structure of unclogged OGFC after
FT tests. The FT induced change in internal structure mainly occurs
in three ways: (1) expansion of existing individual voids; (2) coa-
lescing of two separated air voids; and (3) formation of new voids.
Ozgan and Serin [35] concluded that air voids in asphalt mixtures
increased by 40% after being exposed to FT for 24 days. After mon-
itoring OGFC test cells at MnRoad for over two years, Weiss et al.

[36] pointed out that severe raveling occurred in the clogged pave-
ment exposed to FT cycles as compared to unclogged pavement
and vacuuming could reduce raveling in cold climates.

By summarizing the literature cited above, clogging and FT
related distress are two main challenges of OGFC, which limit its
wider application. However, FT resistance was mainly investigated
for unclogged OGFC, although the raveling of OGFC in winter
mainly occurs at clogged sections as observed in MnRoad field sec-
tions. The expansion and contraction of clogged OGFC during FT
cycles have not been studied. The effect of OGFC clogging degree
on the degradation of strength and raveling resistance subjected
to FT cycles are not well understood. Therefore, it is needed to
investigate the raveling resistance of clogged OGFC and its volume
change during the FT cycles.

2. Objective and scope

This study aims to investigate volume change and mechanical
degradation of clogged OGFC subjected to FT cycles. Marshall spec-
imens of OGFC with five void contents were clogged by fine soils
with two clogging levels. X-ray CT technology was used to identify
the total and interconnected air voids in unclogged and clogged
OGFC specimens. The expansion and contraction of clogged OGFC
during water-saturated FT cycles were measured using a self-
developed drainage instrument. The residual expansion rate
(RER) and accumulated residual expansion rate (ARER) of clogged
OGFC after FT cycles were calculated. The Cantabro loss and uniax-
ial compressive strength of clogged OGFC before and after FT cycles
were also tested. The volume change in clogged OGFC and mechan-
ical degradation due to FT cycles were compared to that of
unclogged OGFC.

3. Testing materials

Cores drilled from OGFC pavement usually have been damaged
by traffic and environment (rain, temperature, and ultraviolet)
[2,15], which may affects the evaluation of FT damage. In this
study, OGFC with the NMAS of 13.2 mm (OGFC-13) specimens
were prepared by laboratory compaction using crushed basalt
aggregate, limestone filler, and high-viscosity modified asphalt.
Five aggregate gradations were developed based on the theory of
aggregate packing [37], as listed in Table 1. The basic rheological
properties of high-viscosity modified asphalt prepared by 90# base
asphalt and styrene-butadienestyrene (SBS) with the content of
5.4% were measured and listed in Table 2. The optimum asphalt
content (AC) for each gradation was determined based on the bin-
der drainage and Cantabro tests, which was previously developed
in Spain by Pérez Jiménez and Calzada Pérez [38]. The content of
air voids was determined after the bulk specific gravity of com-
pacted specimen and the theoretical maximum specific gravity
was measured following AASHTO T 275 (Eq. (1)) and AASHTO T
209, respectively [39,40]. Twelve standard Marshall specimens
(101.6 mm in diameter and 63.5 ± 1.5 mm in height) for each gra-
dation were prepared after the compaction of 50 blows on each
side of the specimen.

G ¼ m0

m1 �m2 � m1�m0
q

� � ð1Þ

where G is the bulk specific gravity (g/cm3), m0 is the mass of dry
specimen in air (g), m1 is the mass of specimen with wax coating
in air (g), m2 is the weight of specimen with wax coating in water
(g), and q is the specific gravity of wax at 25 �C (g/cm3), which is
0.905 g/cm3 in this study.

Twelve Marshall specimens at each air void content were
divided into three groups (four in each group). One group of
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