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� Incorporating EA in ECC effectively increases loss modulus and loss factor.
� EA-ECC has superior tensile ductility and similar loss factor when compared with CA with similar EA dosage.
� Tensile ductility of EA-ECCs improve significantly with increase dosage of EA.
� Temperature has similar effect on strength and ductility as compared to EA.
� EA-ECC can potentially be used as vibration absorbing layer in high speed railway.
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Cement asphalt (CA) mortar has been widely used as cushion layer between the concrete roadbed and
track slab for vibration absorption in high-speed railways (HSR). However, premature cracking of CA
has been recognized as a critical safety problem during HSR operation. There is a need for developing
more durable materials with similar damping ability and vibration absorption characteristics as CA mor-
tar. This paper reports the development of emulsified asphalt (EA) modified Engineered cementitious
composite (EA-ECC) with favorable damping property, which may be used as vibration absorbing layer
material. The mechanical properties, including compressive strength, tensile stress-strain relation and
dynamic mechanical properties of EA-ECCs were investigated. It is found that the desirable higher loss
modulus and loss factor are accompanied by lower compressive and tensile strength with increase of
EA dosage. Conversely, the deformation capacity of EA-ECCs shows an opposite trend due to favorable
change in interfacial properties. In addition, with increasing test temperature, the material also shows
a trend similar to the addition of EA. Change of microstructures of EA-ECCs were also observed through
scanning electron microscope (SEM) imaging. It is concluded that incorporating EA significantly improves
the tensile ductility and energy dissipation ability of ECC materials. Increase of 210 times in tensile duc-
tility and similar loss factor are demonstrated when compared with those of CA with similar EA dosage.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Engineered cementitious composite (ECC) is a special kind of
high performance fiber reinforced cementitious composite
(HPFRCC), which was developed by Li and co-workers in the
1990s [1]. ECC is designed based on micromechanics and fracture
mechanics [2,3]. It can reach a compressive strength of
40–210 MPa depending on the mixture proportion [4,5]. In addi-
tion, ECC has extreme tensile ductility, in the range of 3–8%
(300–800 times that of concrete or FRC) [6]. After first cracking,
the crack width stabilizes at about 30–100 lm while the number
of cracks increases, which is the source of the excellent tensile
strain capacity of ECC material [7]. Unlike normal concrete and
fiber reinforced concrete, tight crack width is an intrinsic material
property of ECC, independent of structure size, steel reinforcement,
or ambient load. ECC has been applied in the repair of concrete
structures (dam and bridge pier etc.), and in applications such as
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Table 2
Technical properties of SBS modified emulsified asphalt.

Property Value

Density (g/cm3) 1.02
Sieve residue of 1.18 mm (%) 0.03
Standard viscosity C25.3 (s) 14
Storage stability 1d (%) 0.02
Evaporative residue Solid content (%) 63.2

Penetration at 25 �C(0.1 mm) 74
Soft point (�C) 49.2
Ductility at 15 �C (cm) 66
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coupling beams in high rise building [8], and as link slabs on bridge
decks [9].

Cement asphalt (CA) mortar, a kind of cementitious mortar
modified by emulsified asphalt (EA) and chemical admixtures, is
widely used as a cushion layer of non-ballast slab track on high-
speed railways in many countries such as Japan, Germany and
China [10,11]. CA mortar has a high loss modulus and serves as
the energy dissipation layer injected between the roadbed and
track slab, which significantly impacts the safety, stability and ride
comfort of the non-ballast slab track [10,12]. However, during the
service life of track slab, vehicle dynamic load, mismatch of ther-
mal expansion and temperature gradient often lead to premature
damages/cracks or deterioration in the CA mortar layer. In Chinese
high speed railway lines, for instance, damages of CA mortar layer
have been recognized as one of the most critical problems after a
period of operation [13]. These damages not only increase mainte-
nance cost, but also potentially impact the safe operation of high
speed railways.

To address these issues in CA mortar, it was proposed to
develop a new cementitious composite material combining the
advantages of CA mortar and ECC material, i.e. EA modified ECC
(EA-ECC). In other words, the developed new composite material
should be able to offer the desired high damping property while
maintaining high tensile strain and tight crack under dynamic
loads, which will increase the fracture resistance and durability
of non-ballast slab track. Specifically, the influence of EA on the
mechanical properties of EA-ECCs, including compressive strength,
tensile stress-strain relation, and dynamic mechanical properties,
were investigated. The microstructures and interfacial properties
between PVA fiber and matrix of EA-ECCs were observed via scan-
ning electron microscope (SEM) imaging and single fiber pullout
test, respectively. In addition, as EA is a temperature sensitive
material, the influence of test temperature on EA-ECC’s mechanical
properties was also investigated in this study.
2. Experimental programs

2.1. Raw materials

Type I Ordinary Portland Cement and type I fly ash according to
Chinese standards [14,15] were used in this study, and their chem-
ical compositions provided by manufacturer are listed in Table 1.
The fine silica sand with the size distribution of 106–212 lm and
a mean size of 150 lm was used. A styrene-butadienestyrene
(SBS) modified EA was added in EA-ECCs. The technical properties
of EA are listed in Table 2, which meet the Chinese standard
requirement [16]. In order to control the workability of fresh EA-
ECC mixtures, the polycarboxylate-based high range water reduc-
ing admixture (HRWRA) was used. PVA fiber (with a surface coat-
ing of 1.2% by weight) was used in this study, and its physical and
mechanical properties are listed in Table 3.

2.2. Mix proportion and specimen preparation

The mix proportions of EA-ECCs investigated in this study are
given in Table 4. The EA-ECC mixtures were modified based on
the ECC version in the work of Li and coworkers [5,17]. The ratio
of fly ash to cement (FA/C) was fixed at 1.2. The volume fraction
Table 1
Chemical compositions of cement and fly ash (by percent).

Material SiO2 Al2O3 Fe2O3 CaO S

Cement 21.26 7.67 2.88 57.82 4
Fly ash 52.25 27.42 4.84 7.22 1
of PVA fiber was 2% by total EA-ECC mixture. EA was added at five
different dosages (by weight of cement), and the corresponding
volume of EA in terms of total volume is 0%, 2.9%, 5.6%, 8.3% and
13.6%, respectively. In order to keep the same ratio of water to
cementitious materials (cement and fly ash in this study), the
water content was adjusted according to the dosage of EA which
has a moisture content of 36.8% (solid content of 63.8% according
to Table 2).

All EA-ECC mixtures were prepared using a planetary mixer of
10 L capacity. All solid ingredients, including cement, silica sand
and fly ash, were first mixed for 3 min. The mixture of water and
EA were then added and mixed for 5 min. At the same time, the
high range water reducing admixture was added to adjust the
workability. When the fresh mortar reached a homogeneous state,
the PVA fibers were added slowly and mixed for 10 more minutes
until the fibers were evenly distributed. All specimens were de-
molded after 24 h, and then cured under sealed condition at
95 ± 5% RH and 20 ± 2 �C until the predetermined testing age of
28 days.
2.3. Test methods

The compressive and uniaxial tensile tests were conducted to
investigate the influence of EA dosage on EA-ECCs’ mechanical
properties. The cube specimen with the size of
70.7 � 70.7 � 70.7 mm3 was prepared for compressive test. Three
samples were tested for each mix. The test was conducted using
a hydraulic testing machine with a load capacity of 2000 kN.

To investigate the tensile stress-strain relation of EA-ECCs, the
uniaxial tensile test was conducted using a 20 kN SANS test
machine. The tensile test setup and specimen dimension are
shown in Fig. 1. Two LVDTs were attached on both sides of the
specimen to measure the deformation of EA-ECC sample. The test
was conducted under displacement control at a rate of 0.5 mm/
min as recommended by the Japan Society of Civil Engineers (JSCE)
[18]. In order to investigate the effects of EA on EA-ECCs’
microstructures, the scanning electron microscopy (SEM) imaging
technique was used.

In order to gain a deeper understanding on the influence of EA
on EA-ECCs’ mechanical properties, interfacial parameters, includ-
ing chemical bonding Gd and frictional bond strength s0, were
measured through single fiber pullout test. The produce for the sin-
gle fiber pullout test follows that of Ma et al. [19], and the calcula-
tion procedures of the interfacial parameters followed that of
Redon et al. [20]. The matrix (EA-ECC without PVA fiber) parame-
ters, including elastic modulus Em and fracture strength rfc, were
O3 P2O5 Na2O K2O TiO2 MgO

.04 5.26 0 0.78 0.21 –

.83 0.89 0.4 1.32 1.10 2.57



Table 3
Physical and mechanical properties of PVA fiber.

Diameter (lm) Length (mm) Elongation (%) Density (g/cm3) Elastic Modulus (GPa) Tenacity (MPa)

39 12 7 1.3 42.8 1620

Table 4
Mix proportions of EA-ECCs (by weight).

Mix No. C FA Sand Water HRWRA PVA fiber* EA

EA-ECC0 1 1.2 0.8 0.55 0.02 2% 0
EA-ECC5 1 1.2 0.8 0.52 0.02 2% 0.05
EA-ECC10 1 1.2 0.8 0.49 0.02 2% 0.10
EA-ECC15 1 1.2 0.8 0.46 0.02 2% 0.15
EA-ECC25 1 1.2 0.8 0.40 0.02 2% 0.25

Note: *PVA fibers were added by volume of total EA-ECC mixture.

Fig. 1. Uniaxial tensile test on EA-ECC dog-bone specimen: (a) test setup and (b) specimen dimension.

Fig. 2. Schematic test setup of middle point load with both ends fixed.
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measured by uniaxial tensile test on matrix specimen, which has
the same dimensions as EA-ECC dog-bone specimen. Tensile strain
capacity of matrix with EA (CA mortar) was also measured through
this tensile test. In addition, the fracture toughness Km of matrix
was measured by three point bending test following a procedure
similar to that described in ASTM E399 [21].

The dynamic mechanical properties of EA-ECCs, including stor-
age modulus, loss modulus and loss factor (tan d), were analyzed
using dynamic thermo-mechanical analysis instrument (DMA
Q800). The specimens were prepared through incising from the
coupon specimens, and have a length of 60 ± 3 mm, width of
13 ± 3 mm, and thickness of 2–3 mm. Three specimens were pre-
pared for each EA-ECC mixture. Both ends of the specimen were
fixed and under a middle point load during the test. Schematic test
setup is shown in Fig. 2. The load is applied in sinusoidal form with
an amplitude of 3 lm and frequency of 6 Hz. During the test,
chamber temperature increased from �40 �C to 80 �C at speed of
2 �C/min [22].

EA-ECC10 was selected to investigate the influence of test tem-
perature on EA-ECC’s mechanical properties (compressive strength
and tensile stress-strain relation). Firstly, all EA-ECC10 specimens
were cured at 95 ± 5% RH and 20 ± 2 �C for 28 days, which ensures
that all the cementitious parts have the same degree of hydration.
The EA-ECC10 specimens were then conditioned at 0 �C, 25 �C and
60 �C in an environmental chamber of universal test machine
(UTM-25) for 2 h before testing. Compressive strength test was



Table 5
Uniaxial tensile test results of EA-ECCs.

EA-ECC No. First cracking
strength (MPa)

Tensile strength
(MPa)

Tensile strain
capacity (%)

EA-ECC0 3.86 ± 0.57 5.15 ± 0.37 1.61 ± 0.38
EA-ECC5 3.84 ± 0.52 5.35 ± 0.49 2.61 ± 0.19
EA-ECC10 3.63 ± 0.42 4.50 ± 0.08 3.32 ± 0.98
EA-ECC15 3.50 ± 0.01 4.40 ± 0.40 4.44 ± 1.65
EA-ECC25 2.83 ± 0.32 4.32 ± 0.38 6.34 ± 0.28

634 H. Ma et al. / Construction and Building Materials 201 (2019) 631–640
conducted on the specimen immediately after removing from the
chamber, using a hydraulic testing machine. The uniaxial tensile
test was conducted using the UTM-25 with the specimen in the
environmental chamber.

3. Results and discussions

3.1. Compressive strength

The influence of EA dosage on compressive strength of EA-ECCs
is shown in Fig. 3, which reveals a slight reduction when the EA/C
increases from 0% to 10%, followed by a significant drop when the
EA/C increases form 10% to 25%. The compressive strength of EA-
ECC25 is 32 MPa, reduced by 45% compared to that of EA-ECC0
(without EA). There are a number of mechanisms to explain the
reduction of compressive strength in EA-ECCs. Firstly, the continu-
ous asphalt phase in composite retard the link of cementitious
hydration products (C-S-H), therefore C-S-H could not form a
strong network (the compressive strength formation mechanism)
[12]. Secondly, excessive emulsified asphalt may form a membrane
wrapping cementitious particles, which isolates cementitious par-
ticles from water, resulting in a lower degree of hydration [23].
Thirdly, as EA/C increases, the fluidity of EA-ECC mortar decreases
and more air bubbles will enter the EA-ECC mixture during the
process of mixing and molding [24], which will lead to lower com-
pressive strength.

3.2. Tensile stress-strain relation

Table 5 summarizes the uniaxial tensile test results on EA-ECCs.
The tensile stress-strain curves of EA-ECCs are shown in Fig. 4.
From Table 5, the first cracking strength (the stress corresponding
to the first non-linear point/load drop-off of the tensile stress-
strain curve) of EA-ECCs is shown to reduce with increasing EA
dosage. At 25% EA, the first cracking strength drops to 2.83 MPa,
a 27% reduction compared to that of EA-ECC0. The first cracking
strength of ECC is mainly governed by the matrix fracture strength.
As described in the prior section, incorporating EA likely causes a
higher porosity microstructure of matrix and a weak network of
C-S-H, which results in lower matrix fracture strength and first
cracking strength of EA-ECCs.

As can be seen in Fig. 4, EA-ECCs exhibit improved tensile strain-
hardening behavior with increasing EA dosage. While the tensile
strength of EA-ECCs has a slight reduction, tensile strain capacity
showsa significant increasewith increasingEAdosage. FromTable5,
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Fig. 3. Compressive strength of EA-ECCs versus EA dosage. A significant drop in
compressive strength can be observed when EA exceeded 10% of cement weight.
tensile strengthof EA-ECC reduces slightly from5.15 MPa (EA-ECC0)
to 4.3 MPa (EA-ECC25). Conversely, tensile strain capacity of EA-
ECC25 reaches 6.34%, which increases by 3 times compared to that
of EA-ECC0. In addition, it is 210 times over the tensile strain capac-
ity of the CA mortar (matrix with 25% EA) of 0.03%.

Tensile strength of EA-ECC is governed by fiber bridging capac-
ityr0 on the weakest crack plane. Furthermore, according to Li and
Leung [2], fiber bridging capacity is closely related to interfacial
bond between fiber and matrix, assuming no fiber rupture. The
reduction of tensile strength may be attributed to weakened fiber/-
matrix interfacial bond when EA is added. Fig. 5 shows the interfa-
cial chemical bonding Gd of EA-ECCs, including observed value,
average value and coefficient of variation, at different EA dosage.
It shows a slight decreasing of interfacial chemical bonding Gd

when incorporating EA. The chemical bonding itself is governed
by the metal cation concentration, in particular Al3+ and Ca2+, in
the interface between PVA fiber and cementitious matrix [5]. It
was found that Al3+ and Ca2+ are responsible for the formation of
a strong thin layer interface between cement grain and PVA bulk
polymer [25,26]. As discussed in the prior section, incorporating
EA loosens the matrix microstructure, which may further results
in a higher micro-porosity on fiber/matrix interface. The high
porosity interface reduces the contact area between PVA fiber
and matrix and metal cation concentration on interface, which
result in a lower chemical bonding.

Fig. 6 shows the frictional bond strength s0 of EA-ECCs, includ-
ing observed value, average value and coefficient of variation, at
different EA dosage. As can be seen, frictional bond strength s0
decreases significantly when EA dosage increases from 5% to 10%.
Frictional bond strength is closely related to the compactness
and roughness of interfacial transition zone (ITZ) between fiber
and matrix [27]. For EA-ECCs in this study, an asphalt membrane
was formed on ITZ, which reduces the roughness of ITZ. As can
be seen in Fig. 7, the fiber/matrix interface in EA-ECC0 is rougher
than that in EA-ECC25. Lower roughness of ITZ causes the reduc-
tion of frictional bond strength. In addition, Fig. 8 shows the sur-
face conditions of PVA fibers in ECC without and with EA. As can
be seen, the PVA fiber surface is damaged significantly after being
pulled out due to high frictional bond strength in EA-ECC0, while
the PVA fiber surface remains intact in EA-ECC25. It further con-
firms that incorporating EA reduces the frictional bond strength.

According to the fiber bridging model developed by Yang et al.
[28], fiber bridging stress versus crack opening curves of EA-ECCs
can be shown in Fig. 9 based on the micromechanical parameters
described above. As can be seen in this figure, the peak bridging
stress (fiber bridging capacity) shows an obvious reduction when
EA is added with a dosage over 10%, which is consistent with ten-
sile strength result of EA-ECCs.

According to the design theory of ECC, to acquire an excellent
tensile strain-hardening behavior in EA-ECCs, the strength crite-
rion and energy criterion should be satisfied [2,28]. The strength
criterion requires that the first cracking strength controlled by
matrix fracture strength rfc to be less than the fiber bridging
capacity r0 on the weakest crack plane, as shown in Eq. (1).

rfc � r0 ð1Þ
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Fig. 4. Typical uniaxial tensile stress-strain curves of EA-ECCs: (a) EA-ECC0; (b) EA-ECC5; (c) EA-ECC10; (d) EA-ECC15; (e) EA-ECC25. With increase in EA/C, first cracking and
tensile strength decrease while tensile strain capacity increases.
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The energy criterion requires the crack tip toughness Jtip to be
less than the complementary energy J0b, as shown in Eq. (2). The Jtip
and J0b are illustrated in Fig. 10. In the figure rss is the steady state
cracking stress; dss is the flat crack opening corresponding to rss;
r0 is the maximum bridging stress which corresponds to the crack
opening d0.

Jtip � J
0
b ð2Þ
In order to quantitatively evaluate tensile strain-hardening
behavior of ECC, pseudo strain-hardening performance indexes
(PSH) were proposed by Kanda and Li [29], as shown in Eq. (3).
Generally speaking, a higher PSH index enhances tensile strain-
hardening behavior of ECC.

PSHenergy ¼ J
0
b

Jtip
& PSHstrength ¼ r0

rfc
ð3Þ
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Fig. 5. Chemical bonding Gd of EA-ECCs versus EA dosage.
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Incorporating EA improves tensile strain-hardening behavior,
especially for tensile strain capacity, can also be reflected by the
increase of PSH indexes. Based on the fiber bridging model men-
tioned above, the complementary energy J0b and fiber bridging
capacity r0 of EA-ECCs can be calculated. The matrix fracture
Fig. 7. Fiber/matrix interface in EA-EC
strength rfc was obtained from uniaxial tensile test on matrix
specimen. The crack tip toughness Jtip can be approximated as
the cementitious matrix toughness if fiber volume fraction is less
than 5%, as calculated in Eq. (4) [30].

Jtip ¼ K2
m

Em
ð4Þ

where Km is the matrix fracture toughness, which was obtained
through three point bending test on notched prism specimen. Em
is the matrix elastic modulus, which was calculated based on the
results of uniaxial tensile test on matrix specimen. The PSH indices
as a function of EA dosage were obtained, as shown in Fig. 11. As can
be seen, both PSHenergy and PSHstrength reveal pronounced ascending
trend with increasing EA dosage. Higher PSH indexes mean the
energy criterion and strength criterion can be satisfied with a larger
margin, which governs steady-state flat crack propagation and mul-
tiple cracking in EA-ECCs. The multiple steady-state cracks are the
source of tensile strain capacity. Hence, Fig. 11 explains why EA-
ECCs show more excellent tensile strain-hardening behavior with
increasing EA dosage.

3.3. Dynamic thermo-mechanical analysis of EA-ECCs

When a viscoelastic material is subjected to a sinusoidal stress,
it responds with delayed strain, as shown in Fig. 12. The stress and
strain are given by Eq. (5) [31].

r tð Þ ¼ r0 sin xt þ dð Þ
e tð Þ ¼ e0 sinxt

�
ð5Þ

where r(t) and e(t) is stress and strain with time, respectively; r0

and e0 is amplitude of sinusoidal stress and strain, respectively; x is
angle velocity, and d is phase angle.

The complex modulus of viscoelastic material is expressed as:

E� ¼ r tð Þ
e tð Þ ¼ r0

e0
cos dþ i sin dð Þ ¼ E

0 þ iE
0 0 ð6Þ

where E0 is the elastic or storage modulus which characterizes the
elastic behavior of the material, is proportional to the energy stored
by each loading cycle; E00 is the viscous or loss modulus which char-
acterizes the viscous behavior of the material, is proportional to the
energy dissipated by each loading cycle. They can be expressed as
follows:

E
0 ¼ r0

e0
cos d

E
0 0 ¼ r0

e0
sin d

8<
: ð7Þ
Cs: (a) EA/C = 0%; (b) EA/C = 25%.



Fig. 8. The PVA fiber surface conditions after pulled out in EA-ECCs: (a) EA-ECC0; (b) EA-ECC25.
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Fig. 10. Definition of crack tip toughness Jtip and complementary energy J0b in
typical curve of fiber bridging stress r versus crack opening width d.
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Fig. 12. The response of viscoelastic material when subjected to a sinusoidal load.
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The loss factor (tan d) defined as the ratio of energy dissipated
as heat to the maximum energy stored in the material, character-
izes the damping performance of the material, and can be
expressed in Eq. (8) [22].

tan d ¼ E
0 0

E
0 ð8Þ

The storage modulus of all EA-ECCs decreases gradually with
increasing temperature, as shown in Fig. 13. Compared to emulsi-
fied asphalt, cementitious hydration products and sand are elastic
solid, therefore, the viscoelasticity variation of EA-ECC is mainly
determined by asphalt. At low temperature, the molecular chains
of asphalt are frozen, only chain angle and chain length can be
changed slightly under dynamic loading, which results in a higher
storage modulus of EA-ECCs. With increasing temperature, the
asphalt gradually translates to rubber or viscous fluid states, which
increases the free volume in asphalt. In this case, the molecular
chains of asphalt can be moved and elongated easily under
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dynamic loading, which increases the flexibility and reduces the
storage modulus of EA-ECCs. In the case of EA-ECC0, the storage
modulus also exhibits a reduction trend with increasing tempera-
ture. The water in pores of EA-ECC is in ice state at low tempera-
ture, and gradually melted with increasing temperature, which
results in the reduction of storage modulus [32].

The storage modulus of EA-ECCs decreases with increasing EA
dosage at the same temperature, as shown in Fig. 13. The matrix
of EA-ECC consists of cementitious (cement and fly ash) hydration
products, silica sand and emulsified asphalt. When the ratio of
asphalt to cement (EA/C) is low, cementitious hydration products
constitute the continuous phase in matrix, while the asphalt serves
as the disperse phase in matrix. In addition, cementitious hydra-
tion products have a higher stiffness than asphalt, which causes
a large storage modulus of EA-ECC when EA/C is low. With increas-
ing EA/C, the asphalt gradually translates from disperse phase to
more continuous phase, which reduces the storage modulus of
EA-ECC.

With increasing temperature, the loss modulus of EA-ECCs
increase gradually until reaching a maximum between 25 and
40 �C and decreases subsequently as shown in Fig. 14. The loss
modulus reflects the energy dissipation ability of a viscoelastic
material under dynamic alternating loads, which relates to the
work done by internal friction force of molecular chain. At low
temperature, the molecular chain of asphalt has a large internal
friction force, while the slippage of molecular chain is very small
because it is in frozen state. Therefore, the work done by internal
friction force of molecular chain is very small, that is why EA-
ECCs have a small loss modulus at low temperature. With increas-
ing temperature, the molecular chain can slip easily, which is ben-
eficial for the work done by internal friction force. In addition, the
water melting in pore also gradually dissipate energy. Thus, the
loss modulus of EA-ECCs increase with temperature. However,
with further temperature increase, the internal friction force of
molecular chain reduces rapidly [24], which is adverse for dissipat-
ing energy, and decreases the loss modulus of EA-ECCs. Thus, when
the temperature passes the critical value, reduction of internal fric-
tion force on work dominates that of slippage increase of molecular
chain, leading to a reduction of loss modulus, as shown in Fig. 15.

As can be seen in Fig. 14, the loss modulus of EA-ECCs generally
increase with higher ratio of EA to cement. High EA dosage means
that there are more molecular chain participate in work done by
internal friction force, which causes the large loss modulus of
EA-ECC. On the other hand, the deformation of asphalt phase was
obstructed by cementitious hydration products phase at low
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Fig. 13. Storage modulus of EA-ECCs with increasing temperature.
EA/C, which postpones the reduction of internal friction force with
increasing temperature. Therefore, the maximum loss modulus
occurs at a higher temperature for EA-ECC with lower EA/C. The
result indicates that EA-ECCs with more emulsified asphalt (higher
EA/C) can achieve the maximum energy dissipation ability at a
lower temperature compare to those ECCs with lower EA/C.

Loss factor (tan d) characterizes the phase angle between given
stress and measured strain of one material under dynamical load,
which reflects the damping ability of a viscoelastic material [33].
As can be seen in Fig. 16, the loss factors of EA-ECCs increase and
subsequently stabilize or decrease with temperature. As cementi-
tious hydration products can be regarded as elastic ingredient
compared with asphalt, the phase angle of EA-ECC is mainly gov-
erned by emulsified asphalt. At low temperature, asphalt is in
the glass state and can be seen as elastic solid, resulting in a small
phase angle and loss factor. With increasing temperature, the vis-
coelasticity of the asphalt phase gradually enlarge the phase angle,
which increases the energy dissipation and damping ability of EA-
ECCs. With further temperature increase, however, the asphalt
gradually translates to viscous fluid state. The cementitious hydra-
tion products carry all the external dynamic loads, which causes
the phase angle of EA-ECCs descends and subsequently reduces
the loss factor, as shown in Fig. 16.
Fig. 15. Schematic view of trend of internal friction force, slippage of molecular
chains and loss modulus.
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As expected, the loss factors of EA-ECCs increase with EA
dosage, as shown in Fig. 16. At low EA/C, the asphalt is disperse
phase in composite, the damping property of EA-ECC is dominated
by the continuous phase of cementitious hydration products. With
increasing EA dosage, the viscoelastic of asphalt phase has a more
and more significant impact on the damping property of EA-ECCs.
Therefore, the EA-ECC with more emulsified asphalt exhibits a lar-
ger loss factor. The results indicates that incorporating emulsified
asphalt can improve the damping ability and increase energy dis-
sipation ability of ECC.

3.4. Temperature effect on mechanical properties of EA-ECC10

Due to significant thermal sensitivity of EA, mechanical proper-
ties of EA-ECCs under different test temperature need to be inves-
tigated. EA-ECC10 was selected for temperature sensitivity study of
EA-ECC. The investigation results are shown in Figs. 17 and 18.

As can be seen in Fig. 17, compressive strength of EA-ECC10
reduces gradually with increasing test temperature. At low tem-
perature of 0 �C, the compressive strength of EA-ECC10 is
54.5 MPa, which reduces to 40.8 MPa (reduces by 25%) at high test
temperature of 60 �C. As mentioned previously, asphalt membrane
in EA-ECC retards the linking of cementitious hydration products
(C-S-H), which impedes the formation of a strong C-S-H network.
However, EA in EA-ECC also has a hardening effect at low temper-
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Fig. 17. Compressive strength of EA-ECC10 under different test temperature.
ature. The frozen asphalt membrane may form a strong network
together with C-S-H, which results in a higher compressive
strength. Conversely, EA has a softening trend with increasing test
temperature, which results in a weak network and further reduces
the compressive strength of EA-ECC10. In addition, the pore-water
and hydration products within cementitious materials normally
freeze at temperature below 0 �C, which could be another reason
for higher compressive strength of EA-ECC10 at low temperature.

The influence of test temperature on tensile stress-strain behav-
ior of EA-ECC10 is shown in Fig. 18. As can be seen, first cracking
strength decreases with increasing test temperature, which is con-
sistent with the trend in compressive strength. As mentioned
before, EA has a softening trend with increasing test temperature.
In addition, bond between asphalt membrane and particles
(cementitious hydration products and silica sand) may decrease
with test temperature. Therefore, initial flaw in EA-ECC10 matrix
may be extended to a crack more easily under tensile load, which
results in a lower fracture strength of matrix (consistent with first
cracking strength). The tensile strength of EA-ECC10 also decrease
with test temperature. It reduces by 36% when test temperature is
increased form 0 �C to 60 �C. As discussed in Section 3.2, the fiber
bridging capacity is closely related to interface frictional bond
strength which is governed by ITZ properties. At low test temper-
ature, the hardened EA leads to an increased hardness of ITZ, which
may increase frictional bond strength, fiber bridging capacity and
subsequently tensile strength of EA-ECC10.

Conversely, the tensile strain capacity of EA-ECC10 has an
increasing trend with test temperature. As mentioned above, with
higher frictional bond strength at low test temperature, the fibers
may be impeded from being pulled out or even ruptured during
slipping stage. At high test temperature, a reverse trend may be
expected which is beneficial to multiple cracking behavior. These
effects may reduce or increase the complementary energy J0b of
fiber bridging at low or high test temperature, respectively. There-
fore, EA-ECC10 exhibits an improved tensile strain-hardening
behavior, especially tensile strain capacity, with increasing test
temperature.
4. Conclusions

In this paper, emulsified asphalt was employed to develop EA-
ECC with high damping ability and excellent ductility simultane-
ously. The influence of EA dosage and test temperature on EA-
ECC’s mechanical properties, including compressive strength, ten-
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sile stress-strain relation and dynamic mechanical properties, were
investigated experimentally. The following conclusions can be
drawn based on the research findings in this paper.

1) Incorporating EA in ECC effectively increases the loss modu-
lus and loss factor of EA-ECCs which is beneficial to their
energy dissipation and damping ability, while reduces the
compressive strength with increase EA dosage.

2) The tensile deformation capacity of EA-ECCs was improved
significantly with increase dosage of EA, while the tensile
strength of EA-ECCs shows an obvious decrease trend with
increasing EA/C. Nevertheless, tensile strength of EA-ECC
can still reach 4.5 MPa when EA/C is 25%, which satisfies
the requirement of most structural applications.

3) Temperature has a significant influence on EA-ECC’s
mechanical properties. With increasing temperature, the
mechanical strengths of EA-ECC10, including compressive
strength, first cracking strength and tensile strength,
decrease noticeably, while the deformation capacity
increases significantly.

The developed new materials can potentially be adopted as
vibration absorbing layer between the roadbed and track slab of
high speed railway and other similar applications where both high
tensile ductility and energy dissipation capability are required.
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