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h i g h l i g h t s

� Putting forward the primary factors effecting the performance of FACRM pavement.
� Describing FACRM’s engineering properties and suggesting a suitable layer structure.
� Suggest optimum pavement structure combinations for different traffic conditions.
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a b s t r a c t

The properties of foamed asphalt cold recycling mixture (FACRM) will seriously affect the application
performances of pavement structure made from FACRM. The results from this study suggest that
FACRM has a high modulus and small temperature shrinkage stress, reducing early damage caused by
pavement cracks. FACRM has good water stability but poor stability at high temperatures. The strength
of the old subgrade, thickness of the FACRM and environmental temperature have significant effects on
the performance of pavement structure. FACRM is ideally used as pavement material for light traffic, but
not suitable for use as a surface layer for heavy traffic.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

With the pollution of the environment, lack of raw materials,
and annual escalation of energy consumption, asphalt pavement
recycling technology has obtained greater attention [1–3]. In the
late nineties, foamed asphalt cold recycling technology had to be
used widely in the United States, Canada, Australia, South Africa
and European countries [4–11]. After more than 20 years of the
application of this technology, it was found that the properties of
the foamed asphalt cold recycling mixture (FACRM) are very unsta-
ble due to the diversity of recycled asphalt pavements (RAP) [12]. If
the combination of pavement structure is inappropriate, a weak
interlayer can be produced, and the structural-load-carrying

capacity is reduced, creating potential safety issues and effecting
road performance significantly [13].

The asphalt regeneration process using old asphalt is not a
physical process, but a chemical reaction [14]. The literature pro-
poses an interaction coefficient to develop a model which esti-
mates the regenerant consumption [14,15]. Jones et al. studied
the fatigue characteristics and dynamic creep of cold recycled mix-
tures formed using different types of RAP and found that a cold
recycled mixture of RAP with increased amounts of residual bitu-
men has better resistance to rutting, and a cold recycled mixture
of RAP with decreased amounts of residual bitumen has greater
resistance to fatigue [16].

A Chinese study proposed that temperature, air pressure and
the addition of water have significant effects on the foaming prop-
erties of asphalt [17]. The optimum foaming conditions of bitumen
are achieved at 150 �C (asphalt temperature) and approximately
1.5% of water consumption. Cao and He et al. proposed an equation
describing the decay of the foaming performance of two types of
bitumen, which was used to analysed and propose a foaming
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mechanism of the bitumen [18]. The modulus of FACRM, tested by
Li, Zhang and Shi, was found to be 800–1200 Mpa [19]. Optimum
foaming temperature, water consumption, water temperature,
and other influencing factors, play important roles in the wide-
spread use of cold recycling technology of foamed asphalt [20].
In 2010, the cold recycling technology of foamed asphalt was used
to overhaul the Beijing, Hong Kong and Macao freeway, with good
results [21]. However, there is still no general consensus on the
application performance of FACRM.

The study of foaming mechanism is widely reported in the liter-
ature. However, there are few reports on the optimization of road
performance of FACRM under different traffic conditions, and even
fewer reports on the combination design of pavement structure
using FACRM. In this study, the application performance of pave-
ment structure using FACRM on the Luqiu road overhaul project
in Beijing is described.

2. Testing and analysis of foaming asphalt and FACRM

2.1. Foaming asphalt

2.1.1. Asphalt foaming test
An A-grade 90# asphalt and German Wirtgen WLB10 foaming

machine were selected for the study. The foam test was performed
as described in the Wirtgen Operation Manual, under the guidance
of Wirtgen Manufacturers.

Three groups of foamed asphalts were set at foaming tempera-
tures of 155 �C, 160 �C, and 165 �C, and the foaming water con-
sumptions were 1.5%, 2.0%, 2.5%, and 3.0% by the relative amount
of asphalt, respectively. The half-life and expansion rate were mea-
sured. The test procedure included:

1) Water was injected into the foaming machine tank under no
pressure, and the water quantity controlled (1.5%, 2.0%, 2.5%,
3.0%) using a water level indicator. An air compressor was
connected and air inflated the air trough. The water pressure
was maintained at 6 bars and air pressure maintained at 5
bars using a pressure table.

2) The asphalt was injected into the asphalt tank, and heated to
a temperature of 155 �C, 160 �C and 165 �C for approxi-
mately 5 min, respectively. The foamed asphalt at different
foaming temperatures was made by injecting the asphalt
into a special measuring barrel.

2.1.2. Analysis of test results
After the foamed asphalt was prepared as described in Sec-

tion 2.1.1, the half-life and expansion rate were measured using
the special test barrel. The test results are shown in Table 1.

The increase of foaming water consumption, increases the
expansion rate rapidly, however the half-life decreases signifi-
cantly. The longer the half-life of foamed asphalt, the longer the
contact time between the foamed asphalt and aggregate; The
higher the expansion rate, the more uniform the foamed asphalt

mixture and a better quality mixture. Considering half-life and
expansion rate, the optimum foaming temperature was 160 �C,
and the foaming water consumption was 2.4%.

2.2. Stability analysis of the FACRM

The FACRM is composed of aggregate from old road milling
material, with the addition of new material (mainly fine aggre-
gate). Foamed asphalt and cement are used as binders and appro-
priate amounts of water added.

2.2.1. Milling material (RAP) technical index
Milling material (RAP) is the most important raw material for

foamed asphalt cold recycling technology. The RAP material results
are shown in Table 2, according to the reference specifications [22].

The asphalt in RAP is effected by environmental factors result-
ing in a degree of aging, which produce agglomeration with aggre-
gate particles. Theoretically, this has adverse effects on the cold
regeneration mixture. Therefore, the material is initially air-dried
at room temperature for three to four days. Then, it is crushed
and screened to determine the gradation of the milling material.
Finally, the proposed gradation is compared to the design specifi-
cation, to determine the proportion of stone chips and mineral
powder required.

2.2.2. Optimum mixture ratio of FACRM
The optimum asphalt content is determined according to the

maximum residual stability ratio, in accordance with the Standards
[22] and the design method based on Marshall. In this study, the
ratio of FACRM mix was optimised by selecting dry and wet split-
ting strengths and the wet and dry splitting strength ratios.

First, a screening test of the old asphalt pavement milling mate-
rial was performed and the gradation composition of the milling
material was determined, as shown in Table 3.

The pass rate of the milling material in the screening test using
a sieve of maximum size of 2.36 mm is low. Fine aggregate (stone
chips) and cement was added to adjust the gradation, and both
stone chips and cement met the specified requirements.

The mix of materials is consistent with the range of grades in
the design documents and the gradation was adjusted to smooth
the synthetic gradation curve, within the scope of the require-
ments described in the design documents. The ratio of milling
materials: stonechips: cement was 73.5%: 25.0%:1.5%, respectively,
as shown in Fig. 2.

Initially, the amount of foamed asphalt was set at 3%. Heavy
compaction tests were carried out by mixing foamed asphalt with
selected mineral aggregates. Finally, two parallel tests were con-
ducted, to determine the average maximum dry density and opti-
mum water content, which were 2.142 g/cm3, and t 6.3%,
respectively.

The aggregate was mixed using the synthetic gradation
described above. The water consumption of the mixture was 70%
of the optimum water content. Five groups were set with asphalt

Table 1
Asphalt foaming performance test.

Foaming water Consumption/% Foaming temperature

155 �C 160 �C 165 �C

Expansion rate/times Half-life/s Expansion rate/times Half-life/s Expansion rate/times Half-life/s

1.5 14 11 18 12 14 10
2.0 20 10 22 11 20 9
2.5 24 9 26 10 26 8
3.0 28 8 32 9 32 7

The relationships between the foaming water consumption and expansion rate and half-life is shown in Fig. 1.
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