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Grouting is an important and common method for fortifying water-bearing sand layers;
however, this method is difficult to perform due to the poor groutability of these sand
layers. This paper proposes superfine cement–bentonite-based emulsified asphalt
composite grout (CACG) to infiltrate water-bearing sand layers. The grout uses
superfine cement and bentonite as the base materials, while emulsified asphalt is
added to achieve good pumpability, excellent fluidity, high stability and sufficient
compressive strength. The effects of the composition and formulation on the
performance of CACG is determined through a series of laboratory experiments, and
the recommended optimal formulation of CACG is as follows: a water/superfine cement
ratio of 1:1, a bentonite content of 6.5%, and an emulsified asphalt content of 20%. The
effectiveness and economy of CACG is checked by a field test in which CACG is applied to
the water-bearing sand layers of a river embankment. The results illustrate that CACG not
only fulfills engineering requirements but is also cost effective.
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INTRODUCTION

Water-bearing sand layers are widely distributed in China and easily liquefy during earthquakes
(Wang et al., 2017; Asheghabadi et al., 2019; Esfeh and Kaynia, 2020; Gao et al., 2021). As a result, a
large number of surface structures unevenly subside or collapse, even resulting in serious disasters
(Yu et al., 2015; Huang et al., 2009; Sharp and Adalier, 2006). Therefore, it is necessary to apply an
effective reinforcement treatment to improve water-bearing sands that make them more resistant to
liquefaction. For this reason, a series of methods to treat water-bearing sand layers have been
developed by engineers over the past 10 years, and grouting is one of the methods that is most well-
known and applied (Avxhiu and NenajPanaiotov et al., 1987;2002). Engineering practices indicate
that there are many factors that influence the grouting quality; among these factors, the grouting
material is very important.

Currently, a series of materials have been widely used in water-bearing sand layer grouting
engineering, such as cement pastes, microcement pastes, and chemical solutions (Heins, 1950; Wu
et al., 2018). However, these traditional grouting materials still have some deficiencies. For
example, cement grout is hardly used in water-bearing sand layers because of their poor
groutability. Compared with cement grout, microcement pastes possess advantages such as
good groutability; however, this material is rarely used in a water-bearing sand layers as an
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effective reinforcement because of its poor stability, high
bleeding and the easy shrinkage of hardened bodies (Wang
and Sui, 2012). Although a series of chemical materials that can
help mitigate these problems have been developed, they are
extremely expensive and pollute the environment (Gao et al.,
2018). Therefore, it is necessary to find a new material that
demonstrates remarkable grouting performance while
addressing the above problems; the material must not only
have good working performance but also be ecofriendly and
inexpensive.

Themain objective of this work was to develop cement-asphalt
composite grout (CACG) for water-bearing sand layers. In this
work, CACG was prepared successfully via a simple strategy, and
its excellent performance was demonstrated by a series of tests
and an engineering application. Moreover, a possible formation
mechanism is proposed.

MATERIALS AND METHODS

In this study, based on the evaluation of the consulting, design
and construction units, and reference to similar projects, the
grouting materials for water-bearing sand layers require a
moderate gel time, good pumpability, a high viscosity, low
bleeding and shrinkage rates, and sufficient compressive
strength. The purpose of the experiments was to determine

whether the performance of CACG met the requirements for
grouting water-bearing sand layers.

Raw Materials
The cement used was a superfine cement (#42.5) that
complied with Chinese standard GB 175–2007. Bentonite
(sodium) was obtained from a mining processing plant
that conforms to the Chinese standard of bentonite (GB/T
20,973–2007). Emulsified asphalt (cationic type) was supplied
by Chemical Co., Ltd. Some properties of the materials are
listed in Table 1.

Testing Program
A schematic of the CACG fabrication process is shown in
Figure 1. Firstly, appropriate amount of bentonite was
initially mixed with the required water by a mixer at
1,000 rpm for 5 min to form fresh bentonite grout. Next,
appropriate amount of superfine cement was added, and the
fresh suspensions were mechanically mixed at 1,000 rpm for
5 min. Finally, the proper proportion of emulsified asphalt was
added to the fresh suspensions and mixed for 5 min by vigorous
stirring (1,000 rpm) to form CACG. All the processes were
performed under a standard temperature (20 ± 2°C) and
humidity (≥50%). CACG performance was altered by
changing the number of components, and the testing scheme
is shown in Table 2.

TABLE 1 | Some properties of the raw materials.

Ingredient Index

Superfine cement Specific surface area 825 m2/kg; average grain diameter 5μm; compressive strength 53 MPa
Bentonite Gradiometer 600r/min (mPa·s) > 30; Filtration loss (cm3) ≤16; 75 µm sieve residue (cm3)≤2.5; moisture content≤13%
Emulsified asphalt Appearance: black paste; Oxygen index (OI) > 30%; Cohesive force 1.5 kg/cm2; Specific gravity 1,650 kg/m3

FIGURE 1 | Schematic of the CACG fabrication process.
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Testing Methods
In this work, the gel time of CACG was measured by the inverted
cup method (tilted at 45°) as described in Zhang et al. (2018a).
The fluidity was determined according to GBT-2419–2005.
Bleeding was measured by conducting sedimentation tests
according to DL/T5728-2016. The bulk shrinkage rate test was
measured following the suggestions provided by Zhang et al.
(2018b). The 28-day unconfined compressive strength (UCS)
tests were conducted following the instructions of GB50107-
2010 on cube specimens with a diameter ratio of 70.7 mm.

RESULTS AND DISCUSSION

Gel Time and Fluidity
Gel time is a key parameter to characterize the pumpability of
CACG. Figure 2 shows the effects of the bentonite dose and
emulsified asphalt dose on the properties of CACG. As shown in
Figure 2, with an increasing bentonite dose (from 5 to 15%), the
gel time decreases from 150 to 87 min, and the decreasing
amplitude is reduced when the bentonite dose reaches 11%.
This is because bentonite particles have an excellent

absorption capability, which can immobilize water and
promote cement hydration (Manić et al., 1997; Pusch and
Yong, 2003). With an increasing emulsified asphalt dose, the
gel time slightly increases (Figure 2). When the emulsified
asphalt dose is 20%, the gel time increases by 10.1%. Fluidity
is a key parameter to determine the diffusion capacity of CACG.
Figure 3 shows the effects of the bentonite dose and emulsified
asphalt dose on the fluidity. With an increasing bentonite dose,
the fluidity of CACG decreases, and a larger decrease occurs at the
beginning (Figure 3); this result agrees with the results presented
by Zhang et al. (2020). Figure 3 shows that with an increasing
emulsified asphalt dose, the fluidity of CACG decreases. When
the emulsified asphalt dose is 20%, the fluidity decreases by
23.8%. This is probably because the emulsified asphalt
particles with a certain viscosity fill the space created by the
cement-bentonite particles (Tregger et al., 2010).

Bleeding and Bulk Shrinkage Rates
The stability of CACG can be assessed by the bleeding and bulk
shrinkage rates, and the lower bleeding and bulk shrinkage rates
of CACGmeans it is more stable. Figure 4 and Figure 4 show the
bleeding rate of CACG in the tests. With an increasing bentonite

TABLE 2 | Testing scheme with different modifiers.

Number Bentonite
Dose (bentonite:cement)

E (%)mulsified Asphalt
Dose (Emulsified asphalt:cement)

W (%)ater: Cement

A1 5 15 1
A2 7
A3 9
A4 11
A5 13
A6 15
B1 10 10
B2 12
B3 14
B4 16
B5 18
B6 20

FIGURE 2 | Influence of bentonite dose and emulsified asphalt dose on the gel time of CACG.
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dose, the bleeding rate decreases, and the decreasing and
increasing amplitudes decrease when the bentonite dose is
11%. Compared with the bentonite dose, the emulsified

asphalt dose demonstrates little influence. With an increasing
emulsified asphalt dose, the bleeding rate slightly decreases. As
shown in Figure 5, it can be inferred that with an increasing

FIGURE 3 | Influence of bentonite dose and emulsified asphalt dose on the fluidity of CACG.

FIGURE 4 | Influence of the bentonite dose and emulsified asphalt dose on the bleeding rate of CACG.

FIGURE 5 | Influence of the bentonite dose and emulsified asphalt dose on the bulk shrinkage rate of CACG.
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bentonite dose, the bulk shrinkage rate of CACG decreases
greatly. Figure 5 shows that the emulsified asphalt dose does
not have an obvious effect on the bulk shrinkage rate. In
conclusion, the bentonite dose has a positive effect on the
bleeding and bulk shrinkage rates, namely, bentonite
substantially decreases the bleeding and bulk shrinkage rates
of CACG. Similar experimental phenomena have also been
reported in the literature (e.g., Vipulanandan and Sunder, 2012).

Unconfined Compressive Strength
Figure 6 shows the influence of the bentonite dose and emulsified
asphalt dose on the unconfined compressive strength of 28-day
CACG. Figure 6 shows that with an increasing bentonite dose,
the 28-day unconfined compressive strength decreases. When the
bentonite dose is 15%, the 28-day unconfined compressive
strength decreases by 14.5%. Figure 6 shows that with an
increasing emulsified asphalt dose, the 28-day unconfined
compressive strength significantly decreases. When the
emulsified asphalt dose is 20%, the 28-day unconfined

compressive strength decreases by 31.5%. The bentonite in
CACG adsorbs a large amount of free water and slows the
hydration process of the cement (Horpibulsuk et al., 2012).
Hence, the addition of excess bentonite will lead to a
decreased reinforcement effect of the grouting.

DISCUSSION

Formation Mechanism of CACG
The superior mechanical performance of CACG can be closely
related to its microscopic structure. Figure 7A show the cross-
sectional SEM images of CACG and cement grouts, respectively.
As shown in Figure 7A, the cement gel in CACG were
interconnected with each other to form a network by
bentonite particles, and some asphalt film were uniformly
distributed between networks to form an integrated whole.
The above SEM observation shows that the structure of
CACG is favorable because of its mechanical performance.

FIGURE 6 | Influence of the bentonite dose and emulsified asphalt dose on the 28-day UCS of CACG.

FIGURE 7 | SEM images and XRD patterns.
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The crystalline structure and composition of CACG were
identified by XRD data, and the identified the typically
overlapping by MDI Jade. As seen in Figure 4, the relatively
strong and narrow diffraction peaks at 2θ = 5.20, 12.67, and 32.21
are generally considered as the characteristic peaks of SiO2; the
diffraction peaks at 2θ = 4.89, 7.58, 34.513 and 36.46 are
considered as the characteristic peaks of Ca(OH)2; the
diffraction peaks at 2θ = 19.79, 27.54, 42.616 and 53.66 are
considered as the characteristic peaks of Aft; the diffraction
peaks at 2θ = 29.893, 47.534, and 52.116 are considered as the
characteristic peaks of CaCO3.

The components of CACG are superfine cement, bentonite,
emulsified asphalt and water, each of which plays its own role.
The possible formation mechanism of CACG is proposed: 1)
First, the superfine cement particles are uniformly dispersed in
the bentonite slurry, and there is a charge attraction between the
superfine cement particles and bentonite particles to form
cement–bentonite balls [20-21]. Then, a number of hydration
products are formed that fill the pores that form in the
cement–bentonite balls. Finally, stable cement–bentonite pellet
structures are created. The macroscopic manifestations are that
the stability of CACG is improved, and the bleeding and bulk
shrinkage rates decrease. 2) After the emulsified asphalt is added
to the cement–bentonite grout, a large amount of asphalt particles
will adsorb on the surface of the cement–bentonite pellet
structures to form an asphalt film, which wraps around the
cement hydration products. As a result, some three-
dimensional network structures are formed in CACG.
Moreover, the asphalt particles adsorb on the surface of
bentonite particles to form a water film, which decreases the
friction among the bentonite particles. Moreover, the water film
causes the asphalt particles to have the same charge properties;
thus, they will not agglomerate into large particles. This is the
reason why CACG is both uniformly dispersed and relatively
stable.

Based on the excellent synergistic interactions among the
superfine cement, bentonite and emulsified asphalt, CACG is a
new grouting material with excellent performance and an
adjustable gel time, good fluidity, high stability and
satisfactory compressive strength.

Properties of CACG in Water-Bearing Sand
Layers
Generally, grouting materials in water-bearing sand layers need
very high fluidity, an adjustable gel time, lower bleeding and bulk
shrinkage rates, and sufficient compressive strength. In this study,
based on the requirements of the project participants, the
recommended parameters for the grouting material include a
gel time of more than 30 min to meet the pumping requirements,
a bleeding rate of less than 5% and a bulk shrinkage rate of more
than 80% to meet the grouting stability requirements, and a
28 days compressive strength of more than 2 MPa to meet the
reinforcement requirements. The tests show that CACG is an
excellent material for grouting in water-bearing sand layers with
the recommended optimal percentage ratio of 1:1:0.065:0.2 for
water, superfine cement, bentonite, and emulsified asphalt.

IN SITU APPLICATION

The motivation to develop CACG was to solve the pre-
reinforcement problem, and a river embankment was
planned to be reinforced in Hunan Province, China. By
exploring along the axis of the river embankment, the
geological conditions included filling and large amounts of
sand and granite. The sand layer proportion in the area was
above 40%, most of which was under the water level of the
river. The water in the sand layer, which was in the river,
increased the possibility of river embankment breakage during
the flood season. At the beginning of river embankment
construction, traditional grouting materials (cement grout
and cement-sodium silicate) were used, but these materials
could not meet the field requirements of the project
participants. Based on the test results of this study, CACG
was used in this project. CACG was prepared following the
recommended amounts: a superfine cement/water ratio of 1, a
bentonite content of 6.5%, and an emulsified asphalt content of
20%. Three rows of grouting holes were arranged in a plum
blossom shape pattern, and the distance between each pair of
grouting holes was 1 m. After grouting completion, drill hole
sampling and hydraulic pressure tests were carried out to
evaluate the grouting quality. The results showed that the
unconfined compressive strength of the grouting body
exceeded 2 MPa and that the ground hydraulic conductivity
coefficient decreased to 3.6 × 10-6 cm/s. Moreover, the cost is
about 420 RMB per cubic meter according to the local market
price of the raw material (superfine cement about 800 RMB per
ton, bentonite about 300 RMB per ton and emulsified asphalte
is approximately 1850 RMB per ton), which is very competitive
comparing with using other special grouting material.

CONCLUSION

In this paper, superfine cement–bentonite-based emulsified
asphalt composite grout (CACG) was presented and
demonstrated excellent field performance. The effects of the
composition and formulation of CACG on its properties were
investigated by a series of laboratory test results, and the
advantages of CACG were demonstrated by field tests. The
following major conclusions can be drawn:

1) CACG is an excellent grouting material that has a moderate
gel time, good pumpability, a high viscosity, low bleeding and
shrinkage rates, and sufficient compressive strength. Thus,
such grouts can be used for grouting water-bearing sand
layers, i.e., challenging areas that other grouting materials,
such as cement grout, usually encounter.

2) CACG is a grouting material for grouting water-bearing
sand layers, and the properties of CACG are highly
dependent on its composition and formulation. The gel
time, fluidity, and bleeding and bulk shrinkage rates of
CACG are highly affected by the bentonite dose, while its
compressive strength mainly depends on the emulsified
asphalt dose. The recommended amounts of the
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components are as follows: a water/superfine cement ratio
of 1, a bentonite content of 6.5%, and an emulsified asphalt
content of 20%.

3) The effectiveness and economy of CACG were verified by a
field case study of grouting water-bearing sand layers in a river
embankment. The field test results of the grouting work not
only met the requirements of the project participants but also
resulted in excellent economic value. Thus, CACG has a high
application value.
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