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Abstract

Cement-asphalt (CA) mortar, a grouting material consisting of Portland cement (PC), asphalt

emulsion, sand, water and other related admixtures, has been widely used as a cushion layer material in
the construction of High-Speed Railways (HSR) during the past decade in China due to its excellent
damping property. The fresh and hardened properties of CA mortar are closely related to the PC
hydration in the presence of asphalt emulsion. However, the retardation effect introduced by the
anionic asphalt emulsion on the hydration process of PC has not been fully understood. In this paper,
the effect of an anionic asphalt emulsion on the early hydration process of CA paste was first
investigated by setting time test, isothermal conduction calorimeter and electrical resistivity. The MIP
and SEM were then employed to characterize the microstructure evolution of the CA paste. Based on
the data and observation obtained from the experimental study, three possible retardation mechanisms
introduced by the anionic asphalt emulsion on the PC hydration were then assessed in this paper,
including (i) selective adsorption by anionic emulsifier via electrostatic attraction, (ii) coating formed
by the demulsification of anionic asphalt emulsion, and (iii) reduced reactivity of water molecules in
anionic asphalt emulsion.
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1. Introduction

Cement-based materials have been widely used in civil engineering because of their superb
compressive strength and locally available supply of raw materials. However, the brittleness incurred
from the high modulus of elasticity of cement-based materials have hindered their applications in
certain areas where some level of ductility, in particular, damping property, is required [1-5]. Asphalt is
a flexible material with excellent deformation capacity. However, its low compressive strength forms a
barrier for some applications [6-7].

As a kind of inorganic-organic composite, cement-asphalt (hereafter CA) mortar, which consists
of Portland cement, asphalt emulsion, water and other related admixtures, is able to combine the high
compressive strength of cement and the superb flexibility of asphalt [8-11]. As a result, in recent
decades, CA mortar has been extensively used as a grouting material in the cushion layer of the slab
track system of High-Speed Railways (HSR) in China, primarily due to its excellent damping property
[12-15].

In the formulation of CA mortar, asphalt emulsion, instead of asphalt, has to be adopted to modify
the properties of PC paste, as this can ensure a good compatibility to be achieved between the cement
particles and the asphalt molecules. In general, two kinds of asphalt emulsion, including cationic and
anionic asphalt emulsions, can be employed to formulate the CA mortars, and the properties of CA
mortar can be strongly affected by the type of asphalt emulsion used. This is because the hydration of
silicate phases, such as C3S and C»S, could be hindered in the presence of cationic asphalt emulsion
due to the adsorption of cationic asphalt emulsion onto the negatively charged surface of the silicate
phases via electrostatic attraction, leading to a reduction in the strength of CA paste. On the contrary,
the anionic asphalt emulsion is primarily adsorbed onto the positively charged surface of aluminate
phases, such as C3A and some small parts of silicate phases [16]. Therefore, the anionic asphalt
emulsion could only exert some slight hindrances to the hydration of C3S and C»S. As it is the
hydration of C3S and CS that mainly contributes to the strength development of PC paste, it could be
deduced that anionic asphalt emulsion is more suitable than cationic asphalt emulsion for formulating
CA mortars when a higher strength is required (such as the Type II CA Mortar as specified in the

current Chinese Standard) [17-19]. However, the effect of anionic asphalt emulsion on the hydration of
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PC has not been fully understood. Although some researchers have reported that the anionic asphalt
emulsion can retard the hydration of PC [20-22], the retardation mechanism has not been fully explored.
Nonetheless, a good understanding of the retardation mechanism introduced by the anionic asphalt
emulsion to the hydration of PC is considered essential to the wider industrial application of the CA
mortars because it could affect the rheological property and the microstructural evolution of the CA
mortar. Therefore, in this paper, an anionic asphalt emulsion was used to formulate a type II CA mortar
where a relatively higher strength is required under the current Chinese Standard for High-Speed
Railway [19, 23-24]. The effect of this anionic asphalt emulsion on the early hydration process of the
PC paste was firstly investigated by setting time test, isothermal conduction calorimetry and electrical
resistivity. Additionally, the MIP and SEM were also employed to characterize the microstructure
evolution of the CA paste. Based on the data and the observation obtained from aforementioned tests,
three possible retardation mechanisms introduced by the anionic asphalt emulsion on the PC hydration
were then assessed and discussed.
2. Raw materials, sample preparation and test methods
2.1 Raw materials

Portland cement (PC), type P.I 42.5, complying with the Chinese standard GB8076-2008,
produced by Qufu China United Cement Co., LTD was used in this study. Its chemical composition is

presented in Table 1.

Table 1 Composition of Portland cement(wt.%)

Chemical composition

Si0Os Fe:03  ADLOs SO; MgO CaO NaxO K20 TiO2
20.47 3.48 4.41 333 2.49 61.43 0.14 0.55 0.30

Anionic asphalt emulsion (with a solid content of 60%) was supplied by Jiangsu Bote New
Materials Co., Ltd. Its main production process can be summarized as follows: the asphalt was first
heated to about 140°C, and it was then turned into asphalt droplets following a mechanical dispersion.
The anionic asphalt emulsion was finally produced through the interactions between the asphalt
droplets, anionic emulsifier and water in a colloid mill. Figure.1 illustrates schematically the processes
involved in the manufacture of the anionic asphalt emulsion used in the current study.
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Figure.1 Schematic diagram of the production process of anionic asphalt emulsion

It should be noted that the anionic emulsifier is an essential component in the production of
anionic asphalt emulsion. In this study, a lignin carboxylate emulsifier was employed [25] , mainly due
to the following two reasons: 1) the lignin carboxylate emulsifier could generate the negatively charged
groups such as -COQO" via ionization, which can enhance the dispersion stability of the anionic asphalt
emulsion; 2) the negatively charged groups could be adsorbed onto the surface of the cement particles
or the hydration products via the electrostatic attraction and this can improve the interaction between
the cement particles and the asphalt emulsion. In addition, since the lignin carboxylate emulsifier is
stable at high temperature, the anionic asphalt emulsion formulated with this type of emulsifier is, thus,

suitable for producing cement asphalt pastes for a wider range of working temperatures.
2.2 Sample preparation

The CA pastes with different asphalt to cement (A/C) ratios, namely, 0, 0.16, 0.24 and 0.32 (the
mixes are hereafter denoted as CA-0.16, CA-0.24 and CA-0.32, accordingly) were used to investigate
the heat released during the early stage reaction of the CA pastes with an isothermal conduction
calorimeter. Additionally, the electrical resistivity tests were carried out with CA pastes at a W/C of
0.41 and the A/C of 0 and 0.24 in order to understand the effect of anionic asphalt emulsion on the
evolution of the microstructure of CA pastes. It should be noted that the amount of the water in the
anionic asphalt emulsion was also considered in the calculation of W/C, and the mix ratios were
selected from the real engineering applications in China.

2.3 Test methods
2.3.1 Setting time measurement

Setting time was measured according to the standard of ISO 9597:2008--Cement-Test methods-

Determination of setting time and soundness, NEQ. Both the initial and final setting times of CA pastes

with different anionic asphalt emulsion were measured, and the test temperature was kept at 20°C.

2.3.2 Hydration heat measurement
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The fresh CA pastes were put into a plastic bottle within 10 mins after mixing, and the heat
released was then measured by a self-regulated isothermal conduction calorimeter. The temperature
was equilibrated at 20°C between the specimen and the instrument before conducting the measurement,
and the test was lasted for about 72 hours.

2.3.3 Electrical resistivity measurement

It has been well-established that the electrical resistivity can reflect the PC hydration process as
well as the evolution of the microstructure during the hydration [26-28]. Therefore, a Non-Contact
Impedance Measurement (NCIM) CCR-II (Figure.2) was employed to monitor the effect of asphalt

emulsion on the hydration of PC and the evolution of the microstructure of CA pastes.

Figure.2 The Non-Contact Impedance Measurement employed in the investigation

Prior to any tests, the instrument was first adjusted to more than 30000Q. The fresh CA paste was
then poured into the ring-shaped plastic mould and subsequently a series of automatic measurements
were taken by the instrument. The basic steps involved in the operation can be summarized as follows:
(1) A certain level of voltage was generated by the electro-magnetic induction via secondary generator
after being charged with electricity. (2) The voltage then produced a ring current, which could be
measured by the electric current transducer. (3) According to the Ohm's law, the electrical resistivity
was calculated by measuring the height of the ring-shaped paste.

2.3.4 MIP measurement

The pore size distribution and the porosity of the PC and the CA pastes were measured by a
Poremaster GT-60 mercury intrusion porosimeter (MIP) which can generate pressures from 140kPa to
420MPa. The porosimeter could be employed to measure the pore sizes from 0.0035um to 400um.

Prior to the MIP test, the crushed pieces of the hardened samples obtained after the electrical

resistivity test were firstly soaked in an absolute ethyl alcohol solution to stop the hydration. These
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specimens were then dried in a vacuum drying oven until a constant weight was reached, indicating the
specimens were ready for the MIP measurement. The parameters employed for the MIP experiments
are as follows: 1) the weight of samples was about 2g with the particle sizes between 3-5mm; 2) the
maximun intrusion pressure was about 30000psia; 3) the value of contact angle was about 142°, and 4)
the surface tension of mercury was 0.485 N/m at 20°C.

2.3.5 SEM/ESEM observation

Microstructural characterization of the hardened PC and CA pastes was carried out using a
Scanning Electron Microscope (SEM), QUANTA 250 manufactured by FEI company. This device was
equipped with a cold field emission electron gun operating at 15kv. The samples for the SEM
observation were the same as those for the MIP measurements, and the surface of the samples was
sputter coated with a thin layer of Pt/Pd before the SEM observation.

To observe the adsorption behavior of anionic asphalt emulsion on the surface of cement grains
during the hydration process, Environmental Scanning Electron Microscope (ESEM) was employed in
the investigation. The test process can be summarized as follows: put the specimen on the cold
platform in the interior of sample room after the preparation of the fresh CA paste well; cool down by
starting the cold platform and keep a certain degree of vacuum, which in turn, ensure the equilibrium
state between the three phases of moisture, air and liquid water, and thus maintain the hydration of
cement during the measurement; and then the adsorption behavior could be observed by ESEM.

3. Results
3.1 Influence of the anionic asphalt emulsion on the setting time

Setting is a process whereby the cement particles start to connect with each other through the
formation of hydration products. Hence, to certain extent, setting process can reflect the level of
connectivity between the cement particles [29]. The setting time of cement paste is usually divided into
initial setting time and final setting time. The initial setting time depicts the stage when the cement
paste converts from a flowable state to the beginning of a hardening state, which is closely related to

the rheological property of fresh paste; while the final setting time indicates the formation of hardened

-6-



11

12

13

14

15

16

17

18

19

20

21

22

23

cement paste. Therefore, setting time has been considered as an important parameter to reflect the
hydration process of PC during the early stages of hydration. However, in the presence of anionic
asphalt emulsion, the hydration process of PC could become complex due to the interaction between
the cement particles and the asphalt emulsion.

Figure.3 shows that both the initial and the final setting times were prolonged with the increase of
the A/C from 0 to 0.32, which implies that the PC hydration was retarded by the anionic asphalt
emulsion. However, with the increase of the anionic asphalt emulsion, the gap between the initial

setting and the final setting reduced.

420

400
360 —e— Final setting
340 4
3204

300

Setting time/min

T T T T
0.00 0.08 0.16 0.24 0.32
The mass ratio of asphalt emulsion to cement(A/C)

Figure.3 Influence of the anionic asphalt emulsion on the setting times

The reduced gap between the initial and the final setting times could be attributed to the following
reasons. As mentioned before, the initial setting refers to the conversion from a flowable state to a
thixotropic state, while the final setting refers to the conversion from a thixotropic state to a hardened
state. Therefore, the gap between the initial setting and the final setting is closely related to the duration
of the thixotropy of the cement paste.It is well-established that the thixotropic state of the cement paste
is strongly determined by the formation of the network structure, which in turn is mainly influenced by
cement hydration, water to cement ratio and the volume fraction of the solid components in the matrix
[29-30]. In the presence of the anionic asphalt emulsion, the surface of the cement particles could be
covered by the asphalt membrane. Additionally, the agglomerates of asphalt particles could also be
formed between the asphalt particles due to the demulsification of asphalt emulsion. In both cases, the
formation of the network structure will be accelerated and, consequently, the duration of the thixotropy
could also be reduced. This would explain the reduced the gap between the initial setting and the final

setting as observed in Figure 3.
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In order to further understand the retardation caused by the anionic asphalt emulsion on the PC
hydration process, the heat of hydration, electrical resistivity and pore structure were investigated
and reported below.

3.2 Influence of the anionic asphalt emulsion on the hydration heat

It is well known that the hydration of PC involves the dissolution of different ions from the
surface of cement particles upon in contact with water, resulting in a gradual increase in the
concentration of ions over the hydration period. Once the ion concentration reaches the oversaturation
level, the precipitation of the hydration products, such as CH, Aft and C-S-H gel, starts. This process
leads to the formation of much more stable chemical bonds compared to those in the anhydrous cement
minerals, and thus heat would be released during the hydration process. In other words, cement
hydration is an exothermal process which is always accompanied by the release of heat [29,31]. Hence,
by following the evolution of the heat generated during the PC hydration, it is possible to identify the
effect of asphalt emulsion on the PC hydration process. Figure.4(a) presents the heat flow during the
first 70 hours of PC hydration at different A/C, whilst Figure.4(b) is an inset showing the details of heat

evolution during the first 10 hours.
124
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(a) (b)
Figure.4 Influence of the anionic asphalt emulsion on the heat flow of PC hydration
In terms of the PC hydration process, the ion dissolution rate of C3A is much faster than that of the
silicate phases, C>S and CsS, due to the higher reactivity of aluminate phase, leading to a quick
saturation of Ca®" ions in the solution [29, 31-33]. Hence, the initial hydration products such as Aft and
C-S-H(m) are usually formed around the surface of cement grains, which would hinder the further

dissolution from the anhydrous minerals and results in the initiation of the induction period. That is to
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say, the concentration of Ca?" increases slowly over time during the induction period, and the induction
period should be ended when the cumulative concentration of Ca®" reaching certain level of saturation
followed by the formation of large amount of C-S-H gel [29]. Therefore, the duration of the induction
period mainly depends on the concentration of Ca®", i.e., the quicker the increase of the concentration
of Ca?*, the shorter the duration of the induction period of PC hydration [28,34].

From Figure.4(b), it can be seen that the induction period was prolonged with the increase of the
A/C. 1t is generally agreed that the surface of the aluminate phase and certain part of the silicate phases
show positive charge after mixing with water, which is occurred mainly due to the different migration
rate of individual ions moving from the cement particles into the solution [16,25]. Hence, the anionic
asphalt emulsion can be adsorbed onto the positively charged sites of cement particles through
electrostatic interaction. Consequently, the surface of cement particles could be covered by an asphalt
membrane, which would hinder the further dissolution of cement particles and resulted in the slow
increase of the cumulative concentration of Ca?* with the increase of A/C during the induction period.
Therefore, the duration of the induction period was prolonged due to the lower concentration of Ca?"in
the presence of anionic asphalt emulsion, i.e., the PC hydration process was retarded by the anionic

asphalt emulsion.

704 CA-0.16
»
PC
o 60 ! f
H . CA-0.32
= 50 CA-0.24
3
2
S -
s
2 =]
s PC
S 204 CA-0.16
CA-0.24
10 CA-0.32
0 T T T T T T 1

[} 10 20 30 40 50 60 70
Hydration time/h
Figure.5 Influence of the anionic asphalt emulsion on the total cumulative hydration heat
As discussed in the previous section, the heat of hydration is generated from the formation of
hydration products, and the total cumulative hydration heat can reflect the amount of hydration
products formed, i.e. the total cumulative hydration heat could be used to indicate the degree of the
hydration. In comparison to the pure PC paste, it can be seen from Figure 5 that the total cumulative

hydration heat of the CA pastes containing different amounts of anionic asphalt emulsion reduced,

which meant that the degree of the hydration of PC was decreased by anionic asphalt emulsion.
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Although the cement percentage in the CA samples was indeed lower than that of the pure PC sample,
the comparison of the total hydration heat is the amount of hydration heat released by per weight of
cement without considering the other components. In other words, the total hydration heat refers to the
cumulative hydration heat released from per weight of cement. Therefore, the reduced total hydration
heat of the CA samples indicates that the cumulative hydration heat released per weight of cement was
reduced in the presence of asphalt emulsion. This result further confirmed the retardation effect of the
anionic asphalt emulsion on PC hydration.
3.3 Influence of the anionic asphalt emulsion on the electrical resistivity

The electrical resistivity has been widely used to follow the evolution of the hydration process of
cementitious materials over time [26, 35]. Especially, during the very early stage of the hydration, the
electrical resistivity has been found to be a useful tool to follow the dissolution process as the change
of the electrical resistivity is mainly dominated by the variation of the ion concentration in the solution,
whilst at later stage, the electrical resistivity can reflect the evolution of the microstructure because, at
that stage, it is the porosity and the connectivity of the pores which will dominate the electrical
resistivity. In this study, the electrical resistivity was, thus, employed to investigate the evolution of the
early-stage hydration process of the CA paste. Figure.6 shows the evolution of the electrical resistivity

of the CA paste at an A/C of 0.24 in comparison with the pure PC paste within the first 24 hours.
4.0+
3.54
3.04

254

Resistivity/Q

Hydration time/h

Figure.6 Influence of the anionic asphalt emulsion on the electrical resistivity of
PC and CA-0.24 pastes
It can be seen that the electrical resistivity of the pure PC paste and the CA paste exhibited a
similar pattern, i.e., immediately after in contact with water, there is an immediate decrease of the
electrical resistivity, which is then followed by a relatively constant resistivity for certain time before it

starts to increase. These three clearly distinguishable stages of the variation in electrical resistivity can
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be well linked with the three well-established periods during their early hydration process, namely, the
dissolution period, the induction period and the acceleration period. It is evident that, during the
dissolution period, the electrical resistivity of both the CA paste and the pure PC paste reduced quickly
to a minimum value which lasted for about 100min and 50min respectively. Additionally, it can be
noticed that the electrical resistivity of the CA paste was higher than that of the pure PC paste during
the dissolution and induction periods whilst the opposite can be observed during the acceleration period.
It is well known that, during the early dissolution stage, the electrical resistivity of fresh PC paste is
mainly determined by the ion concentration in the fresh paste which, in turn, is controlled by the
dissolution process. That is, the electrical resistivity of the fresh PC paste decreases with the increase of
the ion concentration in solution. Therefore, the higher electrical resistivity of the CA paste during the
dissolution and induction periods in Figure.6 would, once again, support the hypothesis proposed
before that the surface of the cement grains could have been coated by asphalt emulsion, and this can
lead to a reduced dissolution of the cement particles, resulting in a lower ion concentration and, hence,
a higher electrical resistivity. Therefore, in comparison to the PC paste, the electrical resistivity of the
CA paste was higher and it took much longer to reach the induction stage, i.e. the decline stage of the
electrical resistivity lasted much longer, during the early dissolution stage.

After the early dissolution period, the electrical resistivity showed a pattern which is similar to the
induction period of cement hydration. During this period, the electrical resistivity was nearly constant
until the end of the induction period. Moreover, the induction period of CA paste lasted longer than that
of the pure PC paste as shown in Figure.6, which could also be attributed to the reduced dissolution
rate of CA paste due to the asphalt coating formed on the surface of the cement grains.

On the contrary, during the acceleration hydration period, the electrical resistivity of the CA paste
was lower than that of the pure PC paste, which would indicate that the microstructure formed in the
CA paste was more porous than that of the PC paste. This, again, could be attributed to the barrier
formed by the asphalt membrane on the surface of cement grains which could have adversely affected
the dissolution process of cement and, hence, retarded the hydration process and the formation of the
microstructure of the CA paste.

3.4 Microstructure characterization
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3.4.1 Pore structure analysis

In order to identify the effect of anionic asphalt emulsion on the pore structure of the hardened CA
paste, MIP was employed to characterize the pore structure of the pure PC paste and the CA paste at
the age of 1d as shown in Figure.7, and Figures.7 (a) and (b) present the pore size distribution and the
cumulative pore volume, respectively. From Figure.7(a), it can be clearly seen that the pore size
distribution of the PC paste is rather distributed, while the pore size distribution of the CA paste is
more concentrated; in addition, the pore size of the PC paste is mainly dominated by smaller sizes,
whereas the pore size of the CA paste shifted to the bigger sizes in comparison to that of PC paste.
Figure.7(b) shows that the cumulative volume of the CA paste is higher than that of the PC paste,
which indicates that the anionic asphalt emulsion resulted in the increase of the pore volume. Overall, it

can be concluded that the CA paste is more porous, with much larger pores, than that of the PC paste.

0.50 4 0.35 4
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Figure.7 Pore size distribution and cumulative volume of the PC and CA-0.24 pastes at the age of 1d

3.4.2 Morphology analysis

With the continued hydration of the PC, the porosity of the PC paste decreases gradually,
accompanied by the increased growth of the cement hydration products, leading to an increase in the
electrical resistivity of the PC paste. Hence, there should exist an intrinsic relationship between the
electrical resistivity and the microstructure of the PC and the CA paste. In this study, the microstructure
of the hardened pure PC paste and the CA paste was observed by SEM and this is shown in Figure.S8.
From Figure.8, it is evident that the pure PC paste has a denser structure than that of the CA paste. In
addition, much more hydration products can be observed to be connected with each other in the PC

paste, resulting in the pores being filled in by the hydration products which, in turn, caused the
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formation of much more denser structure. In contrast, the CA paste showed relatively less hydration
products in comparison to the PC paste, and the CA paste exhibited more porous microstructure

because the pores in the CA paste was not filled in by large amounts of the hydration products, leading

to the formation of more large pores in the CA paste.

(b) (d) ¢

Figure.8 Microstructure of the hardened pure PC paste and CA-0.24 paste at the age of 1d: (a) PC
paste magnified at 24000 times; (b) CA-0.24 paste magnified at 24000 times; (c) PC paste magnified at
12000 times; (d) CA-0.24 paste magnified at 12000 times; (e) PC paste magnified at 6000 times; (f)
CA-0.24 paste magnified at 6000 times.

Combining the results from the MIP and the SEM, it can be concluded that the CA paste was more
porous than that of the pure PC paste and this would explain the lower electrical resistivity measured
from the hardened CA paste which could, in turn, reflect the fact that the PC hydration was retarded by
the anionic asphalt emulsion.

4. Discussion

Based on the results presented in Section 3, three possible retardation mechanisms introduced by

the anionic asphalt emulsion on the hydration and the microstructure evolution of the PC is assessed

and discussed below.
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4.1 Mechanism |---Selective adsorption by anionic emulsifier via electrostatic attraction

It is well established that immediately upon being in contact with water, different mineral phases
or hydration products of PC would demonstrate different charges. Specifically, the aluminate phase,
C3A, usually shows a positive charge with a zeta potential of +4.15mv, while the silicate phases, C2S
and Cs3S, show negative charge [36]. However, certain part of the silicate phases may also show
positive charge due to the complexation existing between the calcium ions, Ca?, and the H,SiO4*
around the surface of silicate phases via electrostatic attraction [16].

The anionic asphalt emulsion used in this study was negatively charged because the anionic
emulsifier was used to emulsify the asphalt. According to reference [16], negative charge is the driving
force for the adsorption onto the positively charged sites on the surface of cement particles. Therefore,
anionic asphalt emulsion can be selectively adsorbed onto those positively charged sites on the surface
of cement grains, such as those sites occupied by aluminate phase or certain part of silicate phases,
through anionic emulsifier via electrostatic adsorption [37-38]. This layer of adsorbed anionic asphalt
emulsion would then hinder the further dissolution of anhydrous phases as well as the subsequent
deposition of hydration products on the surface of cement particles, which may be one of the
retardation mechanisms that the anionic asphalt emulsion applied to the hydration of PC. Figure.9

further illustrates this adsorption behavior of anionic asphalt emulsion onto the cement particles.

%&E“ cwe
v"% % I,.g\

Figure.9 Schematic diagram showing the selective adsorption by anionic emulsifier
via electrostatic attraction
4.2 Mechanism lI--- Coating formed by the demulsification of anionic asphalt emulsion
Asphalt emulsion is a thermodynamically unstable system, which maintains its dispersion through
the electrostatic repulsion between the double electrode layers. However, once the counter ions, such as

Ca?", are dissolved from cement particles and diffused into the double electrode layers of anionic
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asphalt emulsion, or due to the consumption of water during cement hydration, the asphalt emulsion
could demulsify, resulting in the aggregation of asphalt particles and the formation of asphalt
membrane [39]. As a result, further dissolution and deposition reactions could be hindered due to the
asphalt membrane coating formed on the surfaces of cement particles (as shown in Figure.10). This
could be another possible retardation mechanism that the anionic asphalt emulsion applied to the PC
hydration. To verify this hypothesis, an Environmental Scanning Electron Microscope (ESEM) was
employed to observe the adsorption behavior of the anionic asphalt emulsion onto the cement particles
during its early hydration stage [40]. From Figure.11, it can be clearly seen that the surface of the
cement particles was covered by asphalt membrane (possibly due to the demulsification of asphalt
emulsion), which further confirmed the above hypothesis of the interaction between cement particles

and anionic asphalt emulsion.

Figure.11 ESEM micrograph showing the adsorption of anionic asphalt emulsion onto cement particles
Therefore, it can be seen that both the above two mechanisms can lead to the hindrance of ion
dissolution from the surface of the cement particles and thus retarded the cement hydration process.
However, mechanism I is mainly about the selective adsorption by anionic emulsifier, while
mechanism II is mainly about the coverage of the cement particles by asphalt membrane. There are
some distinguishable differences between these two mechanisms. The driving force for the selective

adsorption is the electrostatic attraction between the anionic emulsifier and the positively charged sites
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on the surface of cement particles, and this selective adsorption mainly results in some positively
charged sites of cement particles being occupied by anionic emulsifier but not asphalt particles at this
stage. Additionally, this adsorption mechanism mainly dominates during the early period of the
reaction before the demulsification of asphalt emulsion occurs. However, with the continuous
hydration of cement and, thus, further consumption of water, the asphalt emulsion adsorbed selectively
onto the surface of cement particles would demulsify, resulting in the aggregation of the asphalt
particles and the formation of the coverage of asphalt coating onto the whole cement particles. This can
further hinder the ion dissolution and subsequent deposition reaction of cement.
4.3 MechanismlIII---Reduced reactivity of water molecules in anionic asphalt emulsion

One additional retardation mechanism which could be introduced by the anionic asphalt emulsion
to the hydration of PC may be related to the reactivity of water molecules in the anionic asphalt
emulsion. As well known, water molecule is a kind of polar molecule. The hydrogen atom in water
molecule is short of electrons, while the oxygen atom in water molecule possesses extra electrons.
Therefore, hydrogen bonds can be formed between the hydrogen atom and the oxygen atom from
different water molecules. Hence, the structure of liquid water usually can be seen as a continuous
network of hydrogen bonds formed between different water molecules [41-42]. Figure.12 presents the
schematic structure of the hydrogen bonds (as denoted by dashed line in red) formed between different
water molecules. This structure makes the distribution of electronic clouds in a much more equilibrated
status, and thus decreased the energy of the water molecules, i.e., the reactivity of water molecules
decreases with the formation of more hydrogen bonds [42].

0
/O lack ofel.?_Fé)ns\H
H H,
sur;;;imoeé:UOns i s \H
H H.,

Hydroge E}'bon d p

0 /N
A H H
H H

Figure.12 Schematic of the hydrogen bonds formed between water molecules
According to the perspective of crystal, the silicate phase of C3S can be considered as an ionic
crystal composed of Ca?* cations with oxide and monomeric silicate anions (3Ca*"-0?-SiO4*), which

can be ionized after contacting with water, and consequently can be converted from the superficial
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oxide ions to hydroxide ions due to the instability of hydrogen ions in water molecules. In other words,
the initial PC hydration could be regarded as a process whereby the hydrogen atom in water molecule
attacks and breaks down the Al-O and Ca-O bonds on the surface of cement particles, resulting in the
formation of much more stable bond of OH" because the energy of H-O bond is much higher than that
of the AI-O and Ca-O [43-46]. As aforementioned, the reactivity of water with cement is closely
related to the unequilibrated distribution of the electronic clouds in water molecules. More hydrogen
bonds can lead to a more equilibrated distribution of the electronic clouds between the water molecules,
which would decrease the reactivity of water molecules with cement particles. Figure.13 presents the
reaction mechanism of water molecule with cement particle.

& e
/ >( ------ B, ‘ OH- + Ca* + others
H - H -2-Ca(Al}—-0-—PC

Figure.13 Reaction mechanism between water molecule and cement particles

Anionic asphalt emulsion is composed of anionic emulsifier and water. The anionic emulsifier is a
hydrophilic group which possesses extra electrons, while the hydrogen atom in water molecule is short
of electrons. Therefore, hydrogen bonds would be preferentially formed between the hydrogen atom in
water molecule and the hydrophilic group of the anionic emulsifier, which could cause the electronic
clouds distribution between the oxygen atom and the hydrogen atom in water molecule became
unequilibrated, and thus results in the formation of more hydrogen bonds between different water
molecules in anionic asphalt emulsion[47-50]. In addition, anionic asphalt emulsion is a kind of colloid
system with the size of less than 5 pm, which could be seen as a solution composed of lots of colloid
centers. In other words, hydrogen bonds would be formed between the water molecules around every
colloid center, which means that much more hydrogen bonds would be formed between water
molecules in anionic asphalt emulsion than in the pure water molecules [51-53]. A schematic
illustration of the hydrogen bonds formed between the water molecules around the anionic asphalt
emulsion is presented in Figure.14. Therefore, the reactivity between water and cement particles could
have been reduced due to the formation of much more hydrogen bonds between the water molecules in

anionic asphalt emulsion[42], which may be considered as another retardation mechanism of anionic

asphalt emulsion on PC hydration.
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Figure.14 Schematic illustration of the hydrogen bonds formed around anionic asphalt emulsion

5. Conclusions

This study clearly demonstrated that PC hydration was retarded by the anionic asphalt emulsion.
Based on the experimental results, three possible retardation mechanisms introduced by the anionic
asphalt emulsion on the PC hydration were assessed. The main conclusions of this investigation can,
thus, be drawn as follows:

(1) The initial and the final setting times were prolonged gradually with the increase of A/C from
0 to 0.32, which implied that PC hydration was retarded by the anionic asphalt emulsion.

(2) The release of hydration heat was delayed with the increase of A/C during the induction period,
and meanwhile the total cumulative hydration heat of CA paste was lower than that of the PC paste,
which indicated that the degree of the PC hydration was decreased by the anionic asphalt emulsion.

(3) During the early dissolution period, the electrical resistivity of fresh CA paste was higher than
that of the pure PC paste, which meant that the ion dissolution process was hindered by the anionic
asphalt emulsion in the CA paste. However, during the accelerated hydration period, the electrical
resistivity of hardened CA paste was lower than that of the pure PC paste due to the higher porosity.
The results of SEM and MIP verified that the CA paste was more porous than the pure PC paste, which
implied that the formation of the microstructure of the CA paste was also retarded by the anionic
asphalt emulsion.

(4) Three retardation mechanisms introduced by the anionic asphalt emulsion on PC hydration

have been proposed and assessed, including: (i) selective adsorption by anionic emulsifier via
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electrostatic attraction, (ii) coating formed by the demulsification of anionic asphalt emulsion, and (iii)

reduced reactivity of water molecules in anionic asphalt emulsion.
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