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A New Method of Mix Design for
Cold Patching Asphalt Mixture
Songtao Lv, Shuangshuang Wang* , Chengdong Xia and Chaochao Liu

National Engineering Laboratory of Highway Maintenance Technology, Changsha University of Science & Technology,
Changsha, China

The objective of this research was to improve the scientificity of the design method of
the cold patching asphalt mixture (CPAM). Firstly, the curing temperature for CPAM was
optimized. In addition, based on the traditional Marshall mix design method, the volume
parameters of CPAM were converted, and the low-temperature workability index was
added. This is the modified Marshall mix design method to determine the optimal asphalt
aggregate ratio of CPAM. Then, the initial strength, forming strength, storage stability,
water stability, and high-temperature stability of CPAM were tested. The properties of
CPAM designed by using the modified Marshall mix design method were compared with
those of CPAM designed by using the traditional Marshall mix design method and the
empirical formula method. The test results show that the optimal asphalt aggregate ratio
of CPAM is 5.38%. The recommended oven curing temperature for the CPAM specimen
is 90◦C. The initial strength and forming strength of CPAM meet the requirements, and
the forming strength can reach about twice the initial strength. The stability of CPAM
increases with an increase in storage time. High-temperature performance is good.
These properties of CPAM designed by using the modified Marshall mix design method
were all superior to those of the CPAM designed by using the traditional Marshall mix
design method and the empirical formula method, and the water stability is similar
to that of the CPAM designed by the traditional Marshall mix design method. The
CPAM designed by using the modified Marshall mix design method shows better road
performance, which shows that the modified procedure in this study is feasible and can
be recommended as the mix design method for CPAM.

Keywords: Cold patching asphalt mixture, mix design, modified marshall mix design method, volume parameters,
low-temperature workability, road performance

INTRODUCTION

Hot mix asphalt is widely used in road paving and repair because of its excellent performance as
pavement (Yang et al., 2011). However, in the process of mixing, transportation, and placement of
hot mix asphalt, the temperature required and its control are relatively high and strict, respectively
(Li et al., 2017). High temperature causes not only great energy consumption but also severe
environmental pollution (Diaz, 2016). Poor temperature control will cause aging of the asphalt
mixture, which affects its fatigue performance and service life (Khan et al., 2016; Liu et al., 2020).
Hot mix asphalt mixture cannot be produced at low temperature and in rainy weather. The damage
to pavement in winter can only be repaired after April of the next year, which not only aggravates
the damage to the road but also affects its comfort and safety (Ling et al., 2007). In view of these
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problems, cold patching asphalt mixture (CPAM) is very popular
in pavement repair due to its excellent characteristics such
as environmentally friendliness, low energy cost, convenient
placement procedure, and sustainability and the fact that is is
almost always ready to be used.

At present, there are many kinds of CPAM on the market.
According to the type of solution, they can be divided into three
types: solvent type, emulsion type, and reaction type (Doyle et al.,
2013). In the existing research on CPAM at home and abroad, the
main focus is on performance improvement. Approaches include
designing moisture-resistant CPAM, high-strength CPAM, and
crack-resistant CPAM. Bentonite (a kind of nano clay with
strong water absorption) or microbial carbonate precipitation
(MCP) has been added to CPAM with the objective of improving
its capacity for moisture resistance. Moreover, these additives
enhance the dehumidification and water damage prevention
characteristics related to CPAM (Ling et al., 2016; Dong et al.,
2018; Alenezi et al., 2019; Attaran Dovom et al., 2019). Besides,
the use of cementing material instead of the emulsion can achieve
the same effect. Generally, cement is added to CPAM when high
strength is needed from this asphalt mixture (Shanbara et al.,
2018). Fiber is added to CPAM with the goal of enhancing its
tensile modulus significantly (Gómez-Meijide and Pérez, 2014).
The improvement of tensile properties plays a vital role in
slowing down crack growth in asphalt mixture, and permanent
deformation is also significantly reduced. Cold patching asphalt
mixture has been widely used in actual pavement repair and has
achieved some results (Guo et al., 2014; Ma et al., 2016). However,
research related to CPAM is not as mature as that associated
with hot patching asphalt mixture. The early performance of
CPAM is worse than that of hot patching asphalt mixture. The
mechanical properties of the mixture are greatly affected by the
mixing sequence and the interface formed. The stability of the
aggregate skeleton and the bond strength between aggregate and
binder are positively related to the rutting resistance (Ma et al.,
2018; Zhang et al., 2019; Chen et al., 2020). There is not an
mature method for designing a set of mix proportions for CPAM
(Song et al., 2014; Saadoon et al., 2017). At present, the majority
of research has used the mix proportion design method of hot
mix asphalt mixture (Marshall mix design method) to design
CPAM (Li et al., 2010; Dash and Panda, 2018). Additionally, the
empirical formula methods of California and Tongji University
are also used to calculate the amount of cold asphalt binder (Song
and Lv, 1998). Cold patching asphalt mixture is different from hot
mix asphalt mixture, as it need not be heated during construction.
The Marshall mix design method is not suitable for designing
CPAM, and the parameters of Marshall mix design (stability and
flow value) have a weak correlation with the road performance of
CPAM (Xu et al., 2018). The empirical formula method is greatly
influenced by gradation and local climate, and the design method
lacks volume index control, so the durability of the mixture is
difficult to guarantee (Meng et al., 2011).

Based on the characteristics of CPAM, the Marshall mix design
method was modified in this study. The road performance of
three kinds of CPAM designed by using the modified Marshall
mix design method, the Marshall mix design method, and the
empirical formula method were tested. The comparative analysis

verified the usefulness of the modified Marshall mix design
method, which provides a reference for designing CPAMs.

MATERIALS AND METHODS

Raw Materials
The research object of this study is the solvent used in CPAM,
which is composed of neat asphalt or modified asphalt, diluent,
additive, and aggregate.

Neat Asphalt
The neat asphalt used in this research is Sinopec Donghai 70PG#
road petroleum asphalt; its main technical characteristics were
obtained, and the results are shown in Table 1.

Diluent
The diluent can reduce the viscosity of asphalt so that CPAM
has good workability under low temperature. The diluent should
have good solubility in asphalt. Considering safety, volatility, and
economy, the diluent used in this study was diesel oil.

Additive
The cold patching additives are generally patented by the
manufacturer. In this research, the additive PR-JW03A was
optimized. PR-JW03A was produced by Shenzhen Jiashengwei
Chemical Technology Co., Ltd. This additive is a special polymer
chemical product composed of a variety of polymers that can
improve the properties of asphalt when added to ordinary road
asphalt. Its technical indicators are shown in Table 2.

TABLE 1 | Test results of technical indices of base asphalt.

Index Specification
requirements

Test result Test method

Penetration (25◦C)/(0.1 mm) 60–80 71 T0604

Penetration index PI −1.5 to +1.0 −1.16 T0604

15◦C ductility (cm) ≥100 >150 T0605

Softening point (◦C) ≥46 47.6 T0606

25◦C density (g/cm3) − 1.026 T0603

60◦ Dynamic viscosity (Pa s) ≥180 196 T0619

Flash point (◦C) 200 319 T0611

Solubility (Trichloroethylene) (%) ≥99.5 99.89 T0607

Wax content (%) 2.2 1.6 T0615

TABLE 2 | Technical indices of PR-JW03A cold patching asphalt additive.

Number Testing items Unit Detection result

1 Density g/cm3 1.05

2 Viscosity of prepared
liquid asphalt (60◦C)

60◦C/CST 250–1600

3 Phase state – Liquid

4 Color – Black and blue

5 Flash point ◦C >230
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Coarse Aggregate
The coarse aggregate plays an important supporting role in the
mixture skeleton and is the main part of the pavement bearing
load. Limestone was used as a coarse aggregate in this study.
According to the requirements of the specification, the relevant
technical indices of the coarse aggregate were obtained; the test
results are shown in Table 3.

Fine Aggregate
The fine aggregate fills the gaps formed by the coarse aggregate to
achieve a dense skeleton structure, improving the durability of the
pavement. The fine aggregate used in this research was limestone.

Mineral Filler
The mineral filler can not only fill the gap between aggregates
but also improves the water stability of CPAM. Furthermore, the
addition of mineral filler increases the proportion of structural
asphalt, which enhances the strength of CPAM. In this study,
the selected mineral filler was obtained by grinding limestone,
and its main properties met the specification requirements, as
shown in Table 4.

Preparation of Cold Patching Asphalt
The main instrument used in the preparation of cold patching
asphalt is a high-speed disperser, with a speed range equal to 0–
10,000 r/min. The electric furnace, thermometer, oven, electronic
scale, and other auxiliary tools were also utilized.

The best ratio for cold patching asphalt finally determined
in this research was additive:asphalt:diluent = 1.8:100:25. The
preparation steps were as follows.

1) Heat the neat asphalt in an oven at 135◦C for 2 h, then
take it out and heat it in an electric furnace to maintain the
temperature around 135◦C.

2) Add the additive into (1), start the disperser, rotate at 200
r/min, and mix for half an hour.

3) Add diesel oil into (2), control the temperature at about
110◦C, and mix for 30 min.

4) The preparation is completed.

TABLE 3 | Mechanical index of coarse aggregate.

Mechanical
index

Crushed stone value
(%)

Polished stone value
(BPN)

Weared stone
value (%)

Limestone 14.9 56.2 21.8

TABLE 4 | Mineral powder test results.

Project Unit Test result Specification
requirements

Apparent specific gravity g/cm3 2.727 ≥2.50

Water content % 0.42 ≤1

Plasticity index – 3 <4

Hydrophilic coefficient – 0.6 <1

Appearance – No agglomeration No agglomeration

The preparation of cold patching asphalt and the principle
involved are shown in Figure 1.

MIX DESIGN OF CPAM

The Marshall mix design method was used to obtain the
proportion of each element that composes hot mix asphalt
mixture. By utilizing this method, researchers have accumulated
a rich body of practical experience and data. Cold patching
asphalt mixture should not only have good road performance
in the later stage but also have excellent low-temperature
workability. Based on the Marshall mix design method, the
Marshall test indices of CPAM were tested. In addition, given
the performance requirements of CPAM, the low-temperature
workability index was considered. The volume parameters of the
finished specimen were converted into those related to the initial
specimen. According to the relationship between each index and
the asphalt aggregate ratio, the best asphalt aggregate ratio of
CPAM was determined.

Gradation
Generally, the ratio of pavement disease depth h and the
maximum size D of aggregate is used to determine the nominal
maximum aggregate size of CPAM. Usually, it is considered
that h/D should be greater than or equal to 2. The thickness of
the upper layer of asphalt pavement is designed as 4 cm, and
the nominal maximum grain size of the top layer is generally
13.2 mm. Considering the interface characteristics of the new and
old mixture, and according to the calculation of h/D, the nominal
maximum aggregate size was determined to be 13.2 mm.

According to the Technical Specifications for Construction
of Highway Asphalt Pavements (JTG F40–2004, 2004), LB-
13 gradation was adopted in this study. The grading is
shown in Table 5.

Marshall Specimen Preparation
In this research, the second compaction method was used to
form the specimen. This involves first compacting both sides 50
times. The specimen is then put in a test mold in the oven at a
certain temperature for 24 h, standing on its side. After taking
the sample out from the oven, both sides are compacted 25 times
immediately, and it is demolded. The height of the specimen
is measured by using a vernier caliper and should meet the
criterion 63.5± 1.3 mm. According to the Technical Specifications
for Construction of Highway Asphalt Pavements (JTG F40–2004,
2004), the initial curing temperature of the specimen in this
research was equal to 110◦C, but it was found that the specimen
was loose and peeled after curing. This fact shows that the curing
temperature of 110◦C was too high, and it was not suitable for
solvent-type CPAM. Therefore, considering the volatilization rate
of diluent inside the specimen, and the integrity of the specimen,
four different curing temperatures were preliminary selected: 60,
75, 90, and 100◦C. After curing, the Marshall stability of the
specimen was obtained, and the results are shown in Figure 2.

As can be seen from Figure 2, the stability increases with the
increase in temperature. The value rapidly increases from 60 to

Frontiers in Materials | www.frontiersin.org 3 August 2020 | Volume 7 | Article 182

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles


fmats-07-00182 August 12, 2020 Time: 19:53 # 4

Lv et al. Mix Design

FIGURE 1 | Preparation of cold patching asphalt by disperser and the principle involved. (A) Flow chart of cold patching asphalt preparation. (B) Principle of cold
patching asphalt preparation.

90◦C and then slowly increases from 90 to 100◦C. According to
the Technical Specifications for Construction of Highway Asphalt
Pavements (JTG F40–2004, 2004), the Marshall stability of CPAM

should not be less than 3 kN, and the specimen can meet
this requirement when the curing temperature is above 90◦C.
Considering the Marshall stability growth rate with temperature,
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TABLE 5 | LB-13 gradation.

Gradation The percentage (%) of mass passing through each
sieve (mm)

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Upper limit of
gradation

100 100 95 60 40 20 15 12 8 5

Lower limit of
gradation

100 90 60 30 10 5 0 0 0 0

Gradation median 100 95 77.5 45 25 12.5 7.5 6 4 2.5

Synthetic gradation 100 96 79 49 25 14 8 5 4 3

the integrity of the test piece, and the economic and energy-cost
factors, the final curing temperature adopted in this study was
equal to 90◦C.

Determination of Asphalt Aggregate
Ratio
According to the volatilization level of diluent in CPAM, the
forming stage of CPAM can be divided into two states: the
initially and finally formed states. The diluent inside the CPAM
in the finally formed state has basically evaporated. However,
the diluent in CPAM in the initially formed state has not yet
begun to volatilize, so the CPAM in this state can be regarded
as a typical hot mix. With the gradual volatilization of diluent,
the volume parameters of the CPAM in the finally formed state
can be obtained by using all of the volume parameters of the
initially formed specimen. Therefore, the optimal binder content
of CPAM can not only be determined according to the parameters
of the final formed specimen. The volume parameter that should
be used is that of the initially formed specimen, which can be
regarded as an ordinary hot mix (Gu, 2017).

The most obvious characteristic of CPAM is that it can be
elaborated under normal and low-temperature conditions.
Therefore, the CPAM is required to be loose at low temperature,
which is convenient for spreading and compaction. In this
research, low temperature and workability indices were
considered in the process of mix design.

Volume Parameter Conversion
All of the measured volume parameters of the finally formed
specimen were converted into the volume parameters of the
initially formed specimen. Before compacting, the quality mp of
the mixture in each test mold was recorded.

The bulk specific gravityrpf of the initially formed specimen
was calculated according to formula (1),

rpf =
mp

mf −mw
(1)

where mf and mw are the surface dry mass of the specimen and
the water mass of the specimen, respectively, g.

The theoretical maximum specific gravity rpt of the initially
formed specimen was calculated according to formula (2),

rpt =
rt(ma −mw)+ (mp −ma)

(ma −mw)+ (mp −ma)
=

rt(ma −mw)+ (mp −ma)

(mp −mw)
(2)

where ma is the air mass of the specimen, g and rt is theoretical
maximum specific gravity.

According to formulas (3)–(5), the percentage of voids in
mineral aggregatepvma, percent air voids pvv, and percent voids
in mineral aggregate filled with asphalt pvfa are calculated,

pvma =
(

1−
rpf

rsb
× ps

)
× 100 (3)

pvv =
(

1−
rpf

rpt

)
× 100 (4)

pvfa =
pvma− pvv

pvma
× 100 (5)

where rsb is synthetic bulk density, g/cm3 and ps is proportion of
mineral aggregate quality to total asphalt mixture quality,%.

The volume parameters of the initially formed specimen are
obtained based on the above formula. The relationship between
each volume parameter and the asphalt aggregate ratio was
obtained. According to the determination method of the optimal
asphalt aggregate ratio of hot mix asphalt mixture, the optimal
asphalt aggregate ratio of CPAM was determined.

Determination of the Optimal Asphalt Aggregate
Ratio
The Marshall test results of the finished formed specimens are
shown in Table 6.

Keeping the stability unchanged, the volume parameters of
the final formed specimen were converted into the volume
parameters of the initially formed specimen. The calculation
results are shown in Table 7.

Figure 3 shows the relationship between the asphalt aggregate
ratio and each index of the initially formed specimen.

To sum up, the asphalt aggregate ratio a1, a2,a3, a4
corresponding to the maximum stability, the maximumrpf , the

TABLE 6 | Test results of volume parameters and mechanical indices of finished
formed specimens.

Asphalt aggregate
ratio (%)

rf (g/cm3) VMA (%) VV (%) VFA (%) Stability (KN)

4.0 2.225 21.9 15.1 31.7 4.21

4.5 2.248 21.3 13.5 36.7 4.24

5.0 2.273 20.1 11.5 42.5 4.26

5.5 2.260 22.0 13.1 45.3 4.02

6.0 2.265 21.6 10.6 47.6 3.98

TABLE 7 | Volume parameters and mechanical index results of initially
formed specimens.

Asphalt aggregate
ratio (%)

rpf (g/cm3) pvma (%) pvv (%) pvfa (%) Stability (kN)

4.0 2.243 21.3 13.4 38.4 4.21

4.5 2.255 21.0 12.8 39.4 4.24

5.0 2.258 20.7 12.4 39.9 4.26

5.5 2.291 20.9 8.6 57.2 4.02

6.0 2.269 21.4 7.1 59.4 3.98
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FIGURE 2 | Stability of CPAM under different curing temperatures.

median design range ofpvv, and the median range of pvfa were
determined from Figure 3. According to formula (6), the average
value of the four asphalt aggregate ratios is the initial value OAC1
of the optimal asphalt aggregate ratio.

OAC1 = (a1 + a2 + a3 + a4)/4 =

(5.56%+ 5.65%+ 5.43%+ 4.98%)/4 = 5.405% (6)

On the basis of the test results of each index, the
range of asphalt content that meets the technical standards
was determined. According to the Technical Specifications for
Construction of Highway Asphalt Pavements (JTG F40–2004,
2004), Marshall stability should be not less than 3 kN. pvma
and pvfa refer to the Marshall test standard of hot mix asphalt
mixture. Therefore, the asphalt aggregate ratio is required to be
higher than 5.3% for pvv. The asphalt aggregate ratio needs to be
higher than 5% for pvfa.

CPAM should have excellent workability at room temperature.
Therefore, this research focuses on workability under low-
temperature conditions. Cold patching asphalt mixture was
prepared with variations of 0.2% in the asphalt aggregate
ratio. According to the Technical Specifications for Construction
of Highway Asphalt Pavements (JTG F40–2004, 2004), the
CPAM was placed in a refrigerator at -10◦C for 24 h. If
the mixture has no obvious agglomeration phenomenon, it
can be easily mixed with a shovel. Cold patching asphalt
mixture was taken out from the refrigerator and showed
good workability at low temperatures. The test results are
shown in Table 8.

According to the test results shown in Table 8, the
asphalt aggregate ratio should be 5.2–5.4% for low-temperature
workability. The initial value of the optimal asphalt aggregate
ratio OAC2 was calculated from Eq. (7).

OAC2 = (OACmin + OACmax)/2 = (5.3%+ 5.4%)/2 = 5.35%
(7)

The optimal asphalt aggregate ratio of CPAM is calculated
according to formula (8),

OAC = (OAC1 + OAC2)/2 = (5.405%+ 5.35%)/2 = 5.38%
(8)

The optimal asphalt aggregate ratio of CPAM obtained
by using the modified Marshall mix design method was
equal to 5.38%.

ROAD PERFORMANCE VERIFICATION

In this study, the optimal asphalt aggregate ratio of CPAM
obtained by using the tradition Marshall mix design method was
equal to 5.52%. In addition, the empirical formula proposed by
LV Weimin of Tongji University was used to find the optimal
asphalt aggregate ratio of CPAM. The calculation formula is
as follows.

P = 0.021a+ 0.056b+ 0.099c+ 0.12d + 1.2 (9)

where P is the asphalt aggregate ratio,%, a is the mass percentage
of aggregate with particle size greater than 2.36 mm,%, b is the
mass percentage of aggregate with particle size between 0.3and
2.36 mm,%, c is the mass percentage of aggregate with particle
size between 0.075and 0.3 mm,%, and d is the mass percentage of
aggregate with particle size less than 0.075 mm,%.

According to Eq. (9), the asphalt aggregate ratio designed by
using the empirical formula was equal to 4.5%.

In order to verify the usefulness of the modified
Marshall mix design method proposed in this study, road
performance tests of CPAM designed by the different
methods were carried out. The test flow chart is shown
in Figure 4.

Test Method
Initial Strength
In the early stage of CPAM, the diluent has not volatilized,
and the cohesion among minerals is small. The initial
strength is mainly supported by the intercalation and friction
among aggregates (Nassar et al., 2016). In order to ensure
that the pavement can resist the loose damage caused by
the rolling of vehicles at the initial stage of repair, it
should be ensured that the initial strength of CPAM reaches
a specific value.

The test method of initial strength was as follows: take
about 1100 g of CPAM (subject to the height of the specimen
conforming to 63.5 ± 1.3 mm) and put it into a Marshall test
mold. Compact the upper and lower sides respectively 75 times
by using an automatic Marshall compactor. Stability can be tested
after demolding.

Forming Strength
The method for testing the forming strength is as follows.
Take 1100 g of CPAM (subject to the height of the specimen
conforming to 63.5 ± 1.3 mm) and put it into a Marshall
test mold. Compact the upper and lower sides respectively 75
times by using an automatic Marshall compactor. After that,
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FIGURE 3 | (A) Relationship between asphalt aggregate ratio and rpf; (B) relationship between asphalt aggregate ratio and PVV; (C) relationship between asphalt
aggregate ratio and PVFA; (D) relationship between asphalt aggregate ratio and stability.

the specimen with the test mold is kept in an oven at 90◦C
for 24 h, and then it is removed from the oven and compacted
on both sides 25 times. A Marshall stability test is conducted
after demolding.

Storage Stability
The CPAM can be divided into hot mix CPAM and cold
mix CPAM according to mixing conditions. Hot mix
CPAM can be stored for about two years (Dulaimi et al.,
2017). During the storage process, it should be ensured
that the CPAM does not experience a high degree of
agglomeration to facilitate its placement and compaction
during construction. In this research, the CPAM was
stored and sealed for 0, 3, 7 and 28 days at normal
temperature. The initial strength was then tested, and the

method described above was used to judge the workability
at 28 days.

Water Stability
The water stability of CPAM was evaluated by conducting an
immersion Marshall test and freeze-thaw splitting test. The test
should be carried out according to Standard Test Methods of
Bitumen and Bituminous Mixtures for Highway Engineering (JTG
E20–2011, 2011).

High-Temperature Performance
In this study, the Hamburg rutting test was used to evaluate
the high-temperature performance of CPAM. According to
the formation method of a hot mix asphalt rutting specimen,
combined with the characteristics of CPAM, the formation of a
rutting specimen was carried out as follows.
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TABLE 8 | Test results of low-temperature workability of CPAM.

Mixture status
classification

State description Gradation Asphalt
aggregate ratio

(%)

A Most of the CPAM is agglomerated
and cannot be mixed with a shovel.

5 6.0

B There are numerous large
agglomerations of CPAM that
cannot be easily dispersed, and it is
difficult to mix.

4 5.6,5.8

C There are numerous small
agglomerations of CPAM, but the
agglomerations can be easily
spread after beating.

3 5.2,5.4

D There are small agglomerations of
CPAM, and the particles can be
loose when mixing with a shovel.

2 4.6,4.8,5.0

E The CPAM has almost no
agglomeration and is in a free state.

1 4.0,4.2,4.4

Take the CPAM and put it into the test mold and first
conduct manual compaction. Then, roll down the CPAM two
times in one direction and 12 times in the other direction
using a hydraulic rutting machine. Put the CPAM with
the test mold into an oven at 90◦C for 24 h and then
take it out and carry out a second rolling according to
the first rolling method. The Hamburg rutting test should
be carried out according to Standard Test Methods of
Bitumen and Bituminous Mixtures for Highway Engineering
(JTG E20–2011, 2011).

RESULTS AND DISCUSSION

Initial Strength
The initial strength of the three kinds of CPAM (empirical
formula method design, Marshall mix design method, and
modified Marshall mix design method) was tested. The test
results are shown in Figure 5.

It can be seen from Figure 5 that the CPAM with a 5.38%
asphalt aggregate ratio has the largest initial strength. The initial
strength of the 4.5% asphalt aggregate ratio is the lowest. This
is because there is a small amount of binder and the strength
of the mixture is mainly supported by the friction among the
aggregates. There is no specificated requirement for the initial
strength of CPAM. The United States and Song Jiansheng, China,
require an initial strength greater than 2 kN. The initial strengths
of CPAM with asphalt aggregate ratios of 5.38 and 5.52% are equal
to 2.84 and 2.53 kN, respectively, which meet this requirement.
The asphalt aggregate ratio obtained by the empirical formula
method is too low, so that the initial strength is too low and fails
to meet the requirement.

Forming Strength
The forming strengths of the three kinds of CPAMs were
measured according to the test method in section“Forming

Strength”. In this section, the initial strength and the forming
strength are compared; the results are shown in Figure 6.

The forming strength consists of cohesion and internal
friction. It can be noticed from Figure 6 that the forming
strength of the three CPAMs is basically twice the initial
strength. This fact is because the viscosity of the binder
increases and the cohesion of CPAM increases as a result of
diluent volatilization. The forming strength of CPAM with a
5.38% asphalt aggregate ratio achieves the highest value, which
is equal to 6.13 kN. The forming strength of CPAM with
a 4.5% asphalt aggregate ratio has the lowest value because
the amount of binder is too small, and the cohesion is not
sufficient. When the asphalt aggregate ratio is equal to 5.52%,
the binder content of CPAM is too high, and there is a large
amount of free asphalt. A larger or smaller asphalt aggregate
ratio is not advantageous to the forming strength of CPAM.
Compared with the other two methods, the forming strength
of CPAM designed by using the modified Marshall mix design
method formed faster.

Storage Stability
Three CPAMs were prepared by using the three different design
methods. Then, the elaborated CPAM specimens were stored
and sealed for a period of time, and afterward, their initial
strength and workability were tested. The test results are shown
in Table 9.

According to Table 9, the relationship between the initial
strength and storage time of the three CPAM is consistent.
The initial strength increases with an increase in storage
time in all cases. After 28 days of storage, the strength
of the three kinds of CPAM changes little; the variation
is lower than 0.2 kN. The initial strength is relatively
stable. The workability grade of CPAM designed by using
the Marshall mix design method was equal to 4, meaning
that its low-temperature workability was poor. The results
show that the asphalt content of CPAM designed by using
the Marshall mix design method is too high and it easily
agglomerates. However, the low-temperature workability of
CPAM designed by using the modified Marshall mix design
method was acceptable.

Water Stability
The immersion Marshall test and freeze-thaw splitting test
were carried out with the objective of testing the three kinds
of CPAM with different asphalt aggregate ratios. The water
damage resistance of CPAM with different asphalt aggregate
ratios was studied and compared with that of hot asphalt
mixture. The results of the immersion Marshall test are shown
in Figure 7, and the results of the freeze-thaw split test are
shown in Figure 8.

It can be seen from Figure 7 that the residual stability of
the CPAM specimens with asphalt aggregate ratios of 5.38 and
5.52% meets the requirements of the residual stability for hot
asphalt mixture. The residual stability of the CPAM with a
4.5% asphalt aggregate ratio is low. This is due to the lack
of binder and the large percentage of air voids. It can be
noticed from Figure 8 that the freeze-thaw splitting strength
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FIGURE 4 | Road performance test flow chart of CPAM.

FIGURE 5 | Results for the initial strength of CPAM.

ratio of the three CPAMs meets the requirements for hot asphalt
mixture. The order of the freeze-thaw splitting strength ratios
is as follows: 5.38% CPAM > 5.52% CPAM > 4.5% CPAM.
This shows that CPAM designed by the modified Marshall
mix design method has the best water stability. The residual
stabilities and the freeze-thaw splitting strength ratios of the
three kinds of CPAM are lower than that of the hot asphalt
mixture. Because the diluent has not been completely volatilized,
the CPAM has not been fully formed, and, consequently, its
performance is poor.

FIGURE 6 | Results of forming strength of CPAM.

High-Temperature Performance
Track boards were formed according to the method in
section“High-Temperature Performance”. The Hamburg rutting
test was carried out to test the three kinds of CPAM, and the
results are shown in Figure 9.

It can be seen from Figure 9 that the dynamic stability
of CPAM designed with the modified Marshall mix design
method was slightly higher than that of CPAM designed with
the other two methods. The dynamic stability of the CPAM
with a 4.5% asphalt aggregate ratio shows the smallest value
because the amount of binder is too small and the cohesion
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TABLE 9 | Storage performance test results for CPAM.

Storage time (days)

0 3 7 28 28

Mix design method Asphalt-
aggregate
ratio (%)

Initial strength (kN) Workability
grade

Empirical formula 4.5 1.72 1.74 1.80 1.88 2

Modified Marshall test 5.38 2.84 2.86 2.91 3.00 3

Marshall test 5.52 2.53 2.54 2.59 2.69 4

FIGURE 7 | Immersion Marshall test results for CPAM.

FIGURE 8 | Freeze-thaw splitting test results for CPAM.

is poor, which causes the mixture to have a dry texture. The
dynamic stability of CPAM with a 5.52% asphalt aggregate ratio
is lower than that of CPAM with a 5.38% asphalt aggregate ratio.
This may be because the former CPAM has a larger amount
of binder and thick asphalt film. The increase in free asphalt
leads to move and plastic deformation at high temperature.
The overall dynamic stability of CPAM is low because the
strength of the mixture has not been fully formed. The rutting

FIGURE 9 | High-temperature stability test results for CPAM.

resistance under this condition does not represent the final
performance of CPAM.

CONCLUSION

The Marshall mix design method was modified with the objective
of designing CPAMs. A series of road performance tests of CPAM
designed by using the Marshall mix design method, the empirical
formula method, and the modified Marshall mix design method
were carried out. The tests included an initial strength test,
forming strength test, storage stability test, water stability test,
and high-temperature stability test. The results of comparative
analysis verified the usefulness and feasibility of the modified
Marshall mix design method. Based on the results of this limited
laboratory investigation, the following conclusions can be drawn.

• In this paper, the recommended curing temperature for a
CPAM specimen was 90◦C. The optimal asphalt aggregate
ratio of CPAM obtained by using the modified Marshall mix
design method was equal to 5.38%. This value was between
the optimal asphalt aggregate ratio obtained by using the
traditional Marshall mix design method and that obtained
by using the empirical formula method.
• The road performance of CPAM designed by using the

modified Marshall mix design method was better than
that of CPAM designed by using the traditional Marshall
mix design method and empirical formula method. The
modified Marshall mix design method is feasible.
• The strength of CPAM increases with time. The forming

strength was about twice the initial strength.
• The mix design of CPAM should consider its own

characteristics. In this paper, volume parameter
conversion and the addition of the low-temperature
workability requirement enable better CPAM design. It
is recommended that the modified Marshall mix design
method be utilized as the mix design procedure for CPAM.
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