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Compared to conventional shotcrete, thin spray-on liner (TSL) has several advantages, including high efficiency, good adhesion,
and low dust content. In order to study the underlying mechanism of polymers on thin spray-on liner materials, three polymers
were tested in this study. They were mixed into the shotcrete materials to conduct viscosity, pulling, flexural strength, and
compression tests. The correlations between the viscosity of the materials and their other mechanical properties were analyzed.
The optimal mixing ratio obtained by the tests was at a polymer–cement ratio of 15%. The material had better mechanical
properties overall when modified with a vinyl acetate-ethylene (VAE) copolymer emulsion. When a VAE emulsion was used to
modify cement mortar, the results showed that the VAE modified mortar had the best viscosity performance of any of the tested
emulsions at the same polymer–cement ratio. Because of the adhesion of the modified mortar on a marble wall, when the
viscosity was 2,300–5,800mPa·s, the slurry was evenly distributed and did not sag on the wall surface. The VAE emulsion was
affected by its own viscosity, and the pull-out strength was also enhanced as the viscosity increased. As the viscosity of the VAE
emulsion increased, its flexural strength initially increased and then decreased, whereas its compressive strength decreased
linearly. This study provides a theoretical basis for the development and application of thin shotcrete materials.

1. Introduction

A layer of traditional shotcrete needs a certain thickness to
produce a supporting strength. Through a combination of
basic mechanical tests and dynamic and static load tests, it
has been found that traditional sprayed concrete can have
shortcomings in ductility and sprayability [1–5]. Addition-
ally, a large amount of dust can be easily generated on the
spraying surface, which endangers the health of workers
[6–11]. European and American researchers have pro-
posed a thin spray-on liner (TSL) sealing and support
technology [12]. This is a new support concept. TSL is

usually defined as a reactive or nonreactive multicompo-
nent material containing cement, latex, or polymer [13].
A TSL is used to cover a roadway with a very thin spray
layer to provide load-bearing and sealing functions. The
TSL is a surface-supporting sealing material used in min-
ing and civil engineering. In the preparation process of
thin spray material, the filler is mostly fine aggregate,
and the slurry of thin spraying material is non-
Newtonian fluid, which has good pore permeability. By
using the complementary capabilities of thin spraying
and shotcrete, the effects of sealing and supporting the
working surface can be achieved.
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Ohama and Konietzko [14, 15], respectively, proposed
the mechanism of polymer-modified cement mortar. The
starting points of these two mechanism models are the same.
They are both from the polymer emulsion film, particles, and
gels produced by cement hydration. To study the mechanism
of polymer-modified cement, the Ohma structure model
believes that the hardened cement paste is wrapped in the
polymer membrane, but the Konietzko structure model
believes that the cement paste and the polymer penetrate
each other. A spatial three-dimensional network structure is
formed. The key point in the field of TSL material research
is the use of polymer emulsions with a combination of neces-
sary properties. The polymer emulsion must be highly com-
patible with the cement, such that the cement can be
homogeneously mixed with the emulsion and will not pre-
cipitate mixing. Also, the emulsion must have a delayed
hydration effect on the cement so that it provides sufficient
time for spraying during construction. Finally, the film
formed with the cement must have good mechanical proper-
ties to resist changes in external stress. The polymer emul-
sions, which are currently used, are vinyl acetate-ethylene
(VAE) copolymer emulsions, pure acrylic emulsions,
styrene-acrylic emulsion, fluoropropylene emulsions, and
other polymer-modified emulsions.

Among others, Burea et al. [16] studied the effect of
styrene-butadiene emulsions on the mechanical properties
of cement mortar. When the water–cement ratio was 0.45
and the polymer–cement ratio was 7.5%, the flexural strength
of the samples reached its maximum. As the polymer con-
centration continued to increase, the flexural strength
decreased accordingly. Li et al. [17] compared ordinary
cement mortar with and without the addition of a pure
acrylic emulsion and found the compressive strength was
reduced by 24%, while the tensile strength and tensile bond
strength increased by 28 and 268%, respectively. In addition,
frost resistance, alkali resistance, and impermeability were
significantly improved. Xu et al. [18] studied the effect of dif-
ferent concentrations of VAE emulsion on the flexural
strength of cement mortar. Their results showed that the
flexural strength of VAE emulsion-modified cement mortar
was significantly improved when the emulsion concentration
was 4–5%.

Due to the laboratory research and field tests from many
researchers, the physicochemical properties and mechanism
of TSL have been well-described. According to the literature,
Ozturk et al. [19] used 13 different performance testing appa-
ratus, wherein the compression test of the coating core layer
was the best choice for the evaluation of the mechanical
properties of a TSL. The main purpose of the coating core test
is to simulate the mechanical performance of the TSL on the
base material. This test method was originally proposed by
Espley et al. [20]. After this study, other researchers have
conducted the same test to understand the supporting mech-
anism on the working surface when using a TSL as the base
material [21–26]. Qiao et al. [26] demonstrated a significant
improvement of the uniaxial compressive strength for coat-
ings with TSL base materials. Yilmaz et al. [27] studied TSL
samples produced by different factories and enterprises and
prepared specimens to examine the tensile strength of the

TSLs, compared with that of sprayed shotcrete. The results
showed that the tensile strengths of more than 50% of the
common TSLs were above 4MPa, their compressive
strengths were in the range of 0.5–7.8MPa, and the sample
made with the sprayed shotcrete had the lowest tensile
strength (0.5MPa). Son et al. [28] examined the adhesive
strength of sprayed shotcrete on a rock surface. The results
from the direct method using splitting had an average value
of 0.81MPa, while the results from indirect method using a
flexural tensile test had an average value of 2.35MPa. Ozturk
et al. [29] found that a TSL had different adhesive strengths
on different base materials, such as sandstone, granite, and
paving stones, which were 11.4, 0.4, and 3.7MPa, respec-
tively. These values were higher than the adhesive strength
of materials made from the sprayed concrete technique and
the base material. The above research results were mostly
limited to a single mechanical performance test of the TSL
materials. They have not yet reported on a variety of mechan-
ical tests and performance analysis.

A review of the literature found that the VAE, pure
acrylic, and styrene-acrylic emulsions have good mechani-
cal properties. In addition, the above three polymer emul-
sions are mostly used in the modification of ordinary
cement mortar. The modified cement mortar has
enhanced mechanical properties. In the published reports,
many different test methods have been used for investiga-
tions of the mechanical properties of TSLs, but most of
the reports only used one of the test methods for their
analyses. Here, we used these three polymer emulsions as
modified polymers for TSL materials and analyzed a vari-
ety of different mechanical properties. We tested and sum-
marized various characteristics to obtain the most suitable
polymer emulsion and concentration for the TSL material.
Considering the difficulty of TSL onsite preparation and
the toxicity of the polymer material itself, this article chose
to prepare nonreactive TSL materials. By using simulation
analyses on different data from various mechanical tests,
we obtained a quantitative relationship between the viscos-
ity of different polymer-modified cement mortars and the
pull-out strength, flexural strength, and compressive
strength, as well as analyzed the causes for variations in
these properties. This report provides the relevant theoret-
ical data for material selection and preparation of nonreac-
tive thin spray materials and accelerates their development
and practical application.

2. Materials and Methods

2.1. Raw Materials

2.1.1. Cement. PO 42.5 cement: in order to achieve economic
application of the materials, more extensive area coverage,
and a high bond strength of the formulated spray, PO 42.5
ordinary Portland cement was used. The chemical composi-
tion is shown in Table 1, including material composition
characteristics from the manufacturers.

2.1.2. Filler. Light calcium carbonate: a tasteless and odorless
white solid. Calcium carbonate was used as a mineral filler
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material with the thin spray powder after adding water. It can
improve the adhesion of the spray. The chemical composi-
tion is shown in Table 2.

2.1.3. Additives. Cement quick-setting agent: used to acceler-
ate the hydration and hardening of the polymer-modified
cement. It can form sufficient strength in a short period of
time to ensure it meets the working requirements for spray-
ing cement.

Polycarboxylic acid series high performance water reduc-
ing agent: due to the dispersion of cement particles, adding a
water reducing agent can improve its workability, reduce the
unit water consumption, and improve the fluidity of the mix-
ture. The water reducing agent can also reduce the amount of
cement per unit and the total consumption of cement.

Dodecanol ester film-forming agent: it can effectively
reduce the minimum film-forming temperature, and it is
generally used in latex. It is used because many polymers
used in latex paints cannot form films at room temperature.
For the latex paint to form a complete film, a film-forming
aid agent that acts as a coalescent must be added.

Polydimethylsiloxane defoamer: due to the influence of
surfactants, such as emulsifiers and stabilizers, in the emul-
sion, many small bubbles are usually generated in the con-
crete. These small bubbles are eliminated by the defoamer
to reduce the porosity, and to ensure the strength is stable.

Cellulose: it plays a role in slurry thickening and water
retention. The specific characteristics of each material are
shown in Table 3.

2.1.4. Polymer Emulsion. VAE emulsion: a material based on
the copolymerization of vinyl acetate and vinyl monomer. It
is a high molecular weight emulsion, which is copolymerized
by adding emulsifier and initiator to the monomers in a high-
pressure emulsion polymerization.

Styrene-butadiene emulsion: the styrene-butadiene
emulsion is derived from the copolymerization of styrene
and butadiene. The heat resistance of the styrene-butadiene
latex emulsion is superior to that of the styrene-butadiene
rubber emulsion.

Pure acrylic emulsion: it has fine particle size, high gloss,
excellent weather resistance, excellent antistickiness, and
wide applicability. The specific characteristics of each mate-
rial are shown in Table 4.

2.2. Test Method

2.2.1. Preparation of Materials. The composition of the TSL
material is shown in Table 5. The polymer emulsion with a
polymer–cement ratio of 5–20% had better mechanical prop-
erties [30–32]. Therefore, in order to screen the most suitable
polymer emulsion for the TSL material and the mixing ratio,
we evaluated polymer–cement ratios of 5, 10, 15, and 20%. In
the water–cement ratio, we fixed the water–cement ratio of

all the polymer-modified cement mortars to 50% [32] and
also fixed the ratios for cellulose, accelerator, water reducer,
defoamer, and film-forming agent [30, 31, 33]. The filler
had a fixed ratio of 5% calcium carbonate [33].

Because the polymer exists in the form of an emulsion,
when calculating its concentration, the mass of the emulsion
is multiplied by its solid content ratio, and the remaining
mass is calculated, depending on the amount of added water.
Therefore, the water quality calculated by the water–cement
ratio includes the mass of water in the emulsion and the qual-
ity of the added water.

There are three steps to preparing TSL materials:

(1) Dissolve the cellulose and polymer emulsion in water
to reduce the air bubbles entering the system. Then,
add the defoamer and stir. Finally, add a film-
forming agent. Use a hand mixer to mix at low speed
for 2–3min. The polymer emulsion and auxiliary
components are thoroughly mixed in water

(2) Thoroughly mix the two types of cement powders
and calcium carbonate to disperse the two powders

(3) Pour the powder from step (2) into the liquid from
step (1) and mix. Use a hand-held mixer to stir at
low speed for 1min, and then add the quick-setting
agent and water reducer, and continue to stir for
3min. After fully mixed, the TSL material is quickly
placed in each set of experimental molds

2.2.2. Viscosity Test. We used a rotational viscometer (NDJ-
79) for the viscosity measurements of the TSL slurry and used
a spray gun to spray the marble surfaces. We also combined
the viscosity data and the distribution of the slurry on the
wall surface of the spray layer to perform a basic flow perfor-
mance analysis with the different TSL slurries. Through the
preliminary preparation test, the spray condition parameters
with a wind pressure of 0.4Mpa and a spray distance of 0.4m
will be tested.

Procedure: first, prepare the TSL material with a compo-
sition shown in Table 5. Carefully pour a portion of the slurry
into the test container until the surface reaches a lower
tapered edge and then insert the drum into the liquid until
completely immersed. Place the test container on the instru-
ment bracket, hang the drum hook, adjust zero, and start the
instrument.

Another portion of the TSL slurry is poured into the gun
within the sprinkler using a pressure of 0.4MPa. A spray gun
is used to spray the marble surface. See Figure 1(b).

2.2.3. Pull Test. Procedures: first, use a mold to prepare a
5mm thick [34] TSL material pull-out specimen on the base
surface of the marble. After the preparation of the sample is
completed, the free end of the screw is snapped into the
pull-out unit. Make sure that the central axis of the screw
and the central axis of the pull-out unit are aligned on the
same line. Minimize the influence of the eccentric load and
the bending moment. Then, rotate the handle at a constant
speed to pull the TSL material attached to the pull-off unit
away from the surface of the substrate until it is completely

Table 1: Cement chemical composition table.

Raw materials SiO2 AI2O3 Fe2O3 CaO MgO SO3

Percentage (%) 19.5 6.45 3.08 57.57 1.21 2.01
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separated. The peak value of this process is displayed on the
instrument display, which is the bond strength of the mate-
rial, as shown in Figures 2 and 3.

2.2.4. Flexural Test. Procedure: make the TSL slurry accord-
ing to the mixing ratio in Table 5. After stirring evenly, install
the mold on the triple test mold and remove bubbles by
vibration. Make labels after 12 h and remove the mold for
maintenance after 24 h. After the specimen is hardened and
demolded in the triple test mode, it is placed in the air at
room temperature and maintained for 28 d [35]. Place the
produced mold on the antibending fixture and control the
electro-hydraulic servo universal tester through the micro-
computer. Increase the load uniformly at a rate of 2400 ±
200N/s and conduct the flexural test.

2.2.5. Compression Test. The equipment used in the compres-
sion test is different from the compression fixture (see
Figure 4). The rest of the equipment is the same as the flex-
ural strength test, and the preparation of samples and proce-
dures are also the same (see Section 2.2.4 for details).

3. Results and Analysis

3.1. Viscosity Test Analysis. As shown in the mix ratio of TSL
materials in Table 5 we used three polymer emulsions with
different polymer–cement ratios and measured their viscos-
ity with an NDJ-79 rotary viscometer. After obtaining the
data, formula (1) was used to calculate the viscosity, η,

η = ka, ð1Þ

where k is a coefficient (a rotor with a coefficient of 100 is
selected in this test) and a is the deflection angle of the
pointer. The results are shown in Figure 5 and can be sum-
marized as follows.

(1) The viscosity of the VAE emulsion increased with the
increase of the polymer–cement ratio, and the viscos-
ity growth rate was faster. The increase rates for the
samples with polymer–cement ratios of 10, 15, and
20% were 60, 56, and 29%, respectively. The maxi-
mum viscosity appears in the 20% VAE emulsion,
which was 7500mPa·s

(2) The viscosity of the pure acrylic emulsion also
increased as the polymer–cement ratio increased,
and the viscosity growth rate was slower. The
increase rates for the samples with polymer–cement
ratios of 10, 15, and 20% were 33, 10, and 13%,
respectively

(3) The viscosity of the styrene-butadiene emulsion
gradually decreased with increasing polymer–cement
ratio, and the minimum viscosity (1700mPa·s)
appeared in the 20% styrene-butadiene emulsion

Because the three polymer emulsions had the same solid
content, when the polymer content of the polymer emulsion
was the same, the total specific surface area of the particles in
the emulsion became larger. This enhanced the interaction
and motion resistance between the particles, resulting in an
increase of the viscosity of the polymer emulsion.

The test slurries, with the different ratios of TSL materials
shown in Table 5, were sprayed on the marble surface with a

Table 2: Chemical composition of light calcium carbonate.

Raw materials CaCO3 SiO2 AL2O3 Fe2O3 Na2O Density

Percentage (%) 97.1% 0.63% 0.22% 0.11% 0.03% 2.71 g/cm3

Table 3: Admixture characteristic ingredient list.

Additives Main ingredient Color Solid content (%) pH Feature

Cement quick-setting agent
Calcium aluminate, sodium

aluminate and sodium carbonate
White — — Powdery solid

Polycarboxylic acid series high
performance water reducing agent

Polycarboxylate White — 7-9 Powdery solid

Dodecanol ester film-forming agent Dodecyl alcohol ester Colorless and transparent 40% 6 Liquid

Polydimethylsiloxane defoamer Polydimethylsiloxane Colorless or light yellow 60% 5-8 Liquid

Cellulose Cellulose White — — Powdery solid

Table 4: Polymer emulsion composition characteristic table.

Polymer emulsion Main ingredient Color Solid content (%) pH Feature

VAE emulsion Vinyl acetate-ethylene copolymer Milky 40% 4-5.5 Liquid

Styrene-butadiene emulsion Butadiene-styrene copolymer White 40% 7-8 Liquid

Pure acrylic emulsion Various acrylic, methacrylic, and methyl methacrylate White 40% 7.5-9 Liquid
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spray gun. When the viscosity was below 2300mPa·s, the
adhesion of the slurry to the surface decreased, and the phe-
nomenon of sag occurred. The weight of the slurry was greater
than its adhesion to the surface, and the slurry sprayed from
the nozzle was in the form of water mist. When the viscosity
was 2300–5800mPa·s, the slurry did not sag on the surface,
and the TSL material was evenly distributed on the surface.
The weight of the slurry was less than its adhesion to the sur-
face so that the TSL material could be better retained on the
spray surface, and the slurry sprayed from the nozzle was in

the form of fine droplets. When the viscosity of the slurry
was greater than 5800mPa·s, although the slurry did not
appear to sag on the surface, the slurry of the nozzle was
sprayed into a filament shape, and the TSL material was
sprayed onto the surface unevenly, as shown in Figure 6.

Therefore, combining Figures 5 and 6, when the viscosity
was 2300–5800mPa·s, the TSL material slurry had better flu-
idity and viscosity. The 10, 15, and 20% styrene-butadiene
emulsion and the 5% pure acrylic emulsion had lower viscos-
ity values. Although they had better sprayability, adhesion to
the spray layer was poor. The 20% VAE emulsion had better
adhesion but poor sprayability. Compared to the 5% styrene-
butadiene emulsion, the 10, 15, and 20% pure acrylic emul-
sions and the 5, 10, and 15% VAE emulsions all had better
sprayability.

3.2. Pull Test Analysis. Following the mixing ratios of TSL
materials in Table 5, three polymer emulsions at different
polymer–cement ratios were used and tested with the
HCTC-10 coating adhesion tester. All the tests were con-
ducted on a marble surface. Because the thickness of the
TSL [36–38] and the curing time [39] affect the bond
strength, the TSL thickness of this test was uniformly con-
trolled at ~5mm, and the curing time was 7 days. After 7
days, the surface of the sample was coated with the epoxy
resin glue and bonded to the pull-off unit, and the pull-out

Handle

Monitor

Sensor

Screw
Reaction support

Figure 2: HCTC-10 coating adhesion tester.

(a) Viscosity test

Air compressor Wind pipe Spray gun

TSL Sprayed plane

(b) Spray TSL material

Figure 1: Viscosity test and spray TSL material.

(a) Preparation of test pieces (b) Demoulding

(c) Bonding pull-off unit (d) Pull test

Figure 3: Drawing experiment steps.

(c2) Flexural test

(c1) Compression
test

(b) Demoulding
marking curing

(a) Preparation of
test pieces

Figure 4: Compression and flexural test process.
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test was carried out after the epoxy resin glue solidified. The
pull-out data is shown in Figure 7.

The follow observations can be made based on Figure 7:

(1) The styrene-butadiene emulsion had the largest pull-
out strength of 1.52MPa at the same ash ratio of 5%

(2) The maximum pull-out strength of the pure acrylic
emulsion, which occurred at a polymer–cement ratio
of 10%, was 1.49MPa, was also the maximum pull-
out strength of the pure acrylic emulsion at the different
polymer–cement ratios. The minimum pull-out
strength of the styrene-butadiene emulsion was
1.19MPa

(3) Compared to the styrene-butadiene emulsion, the
VAE emulsion had the best bonding ability at a 10–
20% polymer–cement ratio. The largest pull-out
strength among all the test data was for the 20%
VAE emulsion with a value of 2.09MPa

(4) The growth rate of the VAE emulsion at 10–15% was
faster with an increase of 63%. In contrast, the growth
rate of the 15–20% emulsions was relatively gentle
with an increase of 7%.

(5) The growth rate of the styrene-butadiene emulsion in
the range of 10–20% started fast at first and then
became slow

The bonding strength of the material is affected by its
own bonding performance and bonding contact area, and
the bonding contact area is affected by the fluidity of the
slurry. With an increase of the polymer–cement ratio,
the bonding strength of the VAE emulsion and the
styrene-butadiene emulsion showed a trend of first
decreasing and then increasing. Because the viscosity of
the VAE emulsion increased with the increase of the poly-
mer–cement ratio (see Figure 5), it was thought that the
effect of the fluidity of the material on the bond strength
of the material was greater than that of the material’s vis-
cosity performance when the polymer–cement ratio was
5–10%. When the polymer–cement ratio was 10–20%,
the contact area between the material and the surface
became the main factor that affected its bonding strength.
When the viscosity of the material decreased, the fluidity
increased, the contact area was greater, and the bonding
strength of the material gradually increased.

The viscosity of the pure acrylic emulsion increased with
the increase of the polymer–cement ratio (see Figure 5), and
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Figure 5: Viscosity test data.
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Figure 6: Adhesion of TSL material to the wall.
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the bonding strength showed a trend of first increasing and
then decreasing. At a ratio of 5–10%, the viscosity of material
had the main effect on its bonding strength. At 10–20%, the
material’s contact area had the largest effect on its bonding
strength. In addition to considering polymer viscosity and
the contact area, it is also necessary to consider whether the
hydration of the cement in the polymer-modified cement
matrix was complete. Figure 8 shows that when the poly-
acrylic ratio of the pure acrylic emulsion was 15%, the mate-
rial broke in the middle during the pulling process. The
reason for failure due to epoxy resin is located at the interface
between epoxy resin-pull-off unit or epoxy resin-thin shot-
crete material. This failure mode is due to the failure of epoxy
resin to interact with the surface of the pull-off unit or thin
shotcrete material. Full contact, the actual contact area is
small, resulting in epoxy resin bonding failure, or thin-layer
shotcrete material failure occurs inside the thin-layer shot-
crete material, because its bonding strength is greater than
its own tensile strength [13].

3.3. Flexural and Compression Test Analysis. The specimens
for the flexural and compression tests were mixed according
to the ratios of TSLmaterials in Table 5 andmade using triple
test molds. After curing and demolding, a microcomputer-
controlled electro-hydraulic servo universal tester was used
to conduct the flexural and compression tests.

3.3.1. Flexural Test Analysis. A flexural test was performed by
the microcomputer-controlled electro-hydraulic servo uni-
versal tester to obtain the destruction load data. The data
shown in Figure 9 was obtained using the formula, and the
following trends can be discerned:

(1) The styrene-butadiene emulsion had the maximum
flexural strength of all the test groups at a polymer–
cement ratio of 5% and then gradually decreased

(2) When the pure acrylic emulsion had a polymer–
cement ratio of 5–10%, the flexural strength continu-
ously increased. At a polymer–cement ratio of 5%,

the maximum flexural strength of the pure acrylic
emulsion was reached with a value of 3.75MPa, an
increase of 207%. When the polymer–cement ratio
was 10 and 20%, the flexural strength gradually
decreased, with a decrease of 23 and 72%, respec-
tively. With the change of the polymer–cement ratio
of the pure acrylic emulsion, the change of flexural
strength was more obvious

(3) The flexural strength of the VAE emulsion continu-
ously increased when the polymer–cement ratio was
5–15%, with an increase of 159%. The polymer–
cement ratios of 10 and 15% reached the maximum
flexural strength of the VAE emulsion at 4.33MPa.
When the polymer–cement ratio was 15–20%, the
flexural strength decreased by 13%. The flexural
strength of the 20% VAE emulsion was 3.56MPa.
Compared with the other two emulsions, the flexural
strength of the VAE emulsion changed more mod-
estly when the polymer–cement ratio changed

The only selected aggregate in the sample was the light
calcium carbonate, and no other coarse aggregate was added.

�e middle part of the TSL specimen
material breaks; the material fails

Figure 8: TSL material failure test piece.
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However, the light calcium carbonate only filled the sample
and improved the adhesion of the slurry to the wall surface.
Light calcium carbonate as an aggregate had difficulty in
improving the flexural resistance of the sample. Therefore,
the main factors affecting the flexural resistance of the sample
were the hydration of the cement and the adhesion and film
formation of the polymer emulsion. The change of flexural
strength in the three different slurries matched the Ohama
model [40], which assumes that the structure of polymer net-
work wraps the cement hardened slurry. Along with the
hydration of the cement, a cement gel gradually formed, the
hydration and polymer film occurred simultaneously, and
the flexural strength of the VAE and pure acrylic specimens
began to increase.

As the calcium hydroxide in the liquid phase reached sat-
uration and the polymer–cement ratio increased, polymer
particles were deposited on the surface of the cement parti-
cles (possibly including unhydrated cement). During the stir-
ring process, the surface of the cement particles was covered
by the polymer particles. It reduced the contact area of the

cement particles with water, and it also hindered the migra-
tion of hydration products to the matrix, which slowed the
hydration rate of the cement. The flexural strength of the
modified specimen began to decrease with the increase of
the polymer–cement ratio.

3.3.2. Compression Test Analysis. The microcomputer-
controlled electro-hydraulic servo universal tester was used
to perform the compression test to obtain the damage load
data. The formula used to calculate the data is shown in
Figure 10, which shows the following trends:

(1) The compressive strength of the three polymer emul-
sions decreased with the increase of the polymer–
cement ratio

(2) Of the three polymer emulsions with polymer–
cement ratios of 5–20%, the maximum compressive
strength of 16.03MPa was achieved with the VAE
emulsion with a polymer–cement ratio of 5%.
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(3) In the case of the 20% polymer–cement ratio, the
VAE emulsion was 7.37MPa, which still was notable
compared to 2.04MPa for the pure acrylic emulsion
and 1.95MPa for the styrene-butadiene emulsion

The polymer in the cement paste is gradually restricted to
the capillary pores, forming a polymer sealing layer on the
surface of the cement particles (including unhydrated cement
particles). With the increase of the polymer–cement ratio,
more polymer particles are adsorbed on the surface of unhy-
drated cement particles. Free water that can be hydrated with
the cement particles is reduced. Eventually, the unhydrated
cement particles, hydration products, aggregates, and capil-
laries form a continuous, viscous, and spatial network struc-
ture. The aggregate is powdered lightweight concrete. There
are many defects and microcracks in the spatial network
structure inside the specimen. Therefore, the compressive
strength of the sample will decrease with the increase of the
polymer–cement ratio. The compressive specimen after load
failure has good integrity and has the characteristics of a flex-
ible material.

3.4. Experimental Correlation Analysis

3.4.1. Relationship between Viscosity and Mechanical
Properties. Figure 11 is based on the data in Figures 5 and
7. The equation is of the pull-out strength y fitted with the
change of viscosity x of three TSL materials with different
polymer–cement ratios. The pull-out strength of the material
is affected by two factors: the viscosity of the material itself
and the bonding area between the material and the wall sur-
face [41].

As the viscosity increases, the self-adhesive properties
increased. However, the fluidity of the slurry on the wall sur-
face became worse, and the bonding area was affected. It can
be seen from Figure 11 that the viscosity of the VAE emul-
sion was the dominant factor affecting its pull-out strength.
As the viscosity of the VAE emulsion increased, the pull-
out strength also increased. The VAE emulsion fitting equa-
tion of R2 = 0:7564 had a good fit. When the viscosity of the

pure acrylic emulsion increased, its pull-out strength first
increased and then decreased, indicating that the pull-out
strength of pure acrylic emulsion was affected by its own vis-
cosity. After reaching the peak, as the viscosity of the pure
acrylic emulsion continued to increase, the slurry fluidity
gradually deteriorated, resulting in a further reduction in
the contact area between the material and the wall surface.
The bonding area became the leading factor affecting the
pull-out strength of the pure acrylic emulsion. The pure
acrylic emulsion fitting equation with R2 = 0:9882 had the
best fit. The pull-out strength of the styrene-butadiene emul-
sion first decreased and then increased with the increase of
viscosity. This indicated that the pull-out strength of the
styrene-butadiene emulsion was affected by the bonding area
first and then affected by its own viscosity after the peak. The
fitting equation of the styrene-butadiene emulsion had an
R2 = 0:6663, which indicated that the fit was average.

Figure 12 is based on the data in Figures 5 and 9. The
equation of the change of the flexural strength y and the vis-
cosity x of three TSL materials were fitted for the different
polymer–cement ratios. For the VAE emulsion, as the viscos-
ity of the slurry increased, the flexural strength first increased
and then decreased. As the viscosity of the pure acrylic emul-
sion increased, the flexural strength also showed a trend of
first increasing and then decreasing. As the viscosity of the
styrene-butadiene emulsion increased, the flexural strength
increased linearly. The R2 values of the fitting equations in
the three slurries with the polymer-cement ratio at VAE
emulsion, pure acrylic emulsion, and styrene-butadiene
emulsion were 0.996, 0.9954, and 0.8979, respectively, and
had good fits. When the viscosity was low, the fluidity of
the slurry was better, and the hydration of the cement was
more complete. The viscosity of the polymer material and
the hydration of the cement affected the flexural strength of
the samples, and the flexural strength gradually increased.
As the viscosity increased, the fluidity of the slurry became
worse. Cement particles were wrapped by polymer emulsion
particles, the interaction and motion resistance between the
particles increased, and the difficulty of cement particles

VAE emulsion

1
1500 2500 3500 4500 5500

Viscosity value (mPa.s)
6500 7500

1.2

1.4

1.6

1.8

Pu
ll 

va
lu

e 
(M

Pa
)

2

2.2

Styrene-butadiene emulsion
Polynomial (pure acrylic emulsion)

Pure acrylic emulsion
Polynomial (VAE emulsion)
Polynomial (styrene-butadiene emulsion)

y = 3E-08x2 – 0.002x + 1.6166
R

2 = 0.7564

y = –5E-07x2 + 0.0031x – 2.9174
R

2 = 0.9882

y = 2E-06x2 – 0.0091x + 11.77
R

2 = 0.6663

Figure 11: Relationship between the drawing performance and viscosity of three TSL materials.

10 Geofluids



contacting free water increased, resulting in incomplete
hydration of the cement and a gradual decrease in flexural
strength. Combined with the experimental data, the drawing
performance of the material has a low correlation with the
viscosity performance.

Figure 13 is based on the data in Figures 5 and 10. The
equation of the change of the compressive strength y and
the viscosity x of three TSL materials were fitted for the dif-
ferent polymer–cement ratios. For the VAE and pure acrylic
emulsions, as the viscosity of the slurry increased, the com-
pressive strength decreased linearly. The styrene-butadiene
emulsion increased linearly with compressive strength. The
R2 values of the fitting equations in the three slurries with
the polymer-cement ratio at VAE emulsion, pure acrylic
emulsion, and styrene-butadiene emulsion were 0.9749,
0.8088, and 0.7685, respectively, and the fit was generally
good. At lower viscosity values, the fluidity of the slurry
was better, the hydration of cement was complete, and the
polymer emulsion itself had film-forming properties. The
hydrated products, aggregates, and capillary pores formed a
continuous, viscous, stable spatial network structure, and
the sample was internally compact. Therefore, when the vis-

cosity was in the range of 1500–2300mPa·s, the compressive
strength increased with increasing viscosity. When the vis-
cosity was >2300mPa·s, the fluidity of the slurry decreased
as the viscosity increased. The interaction and motion resis-
tance between the particles increased, and the difficulty of
cement particles contacting free water grew, resulting in
incomplete hydration of the cement and the presence of
unhydrated cement particles inside the samples. The density
of the sample was reduced, resulting in a decrease in com-
pressive strength as the viscosity increased.

3.4.2. Correlation Analysis of Mechanical Performance Tests.
The data from the mechanical tests are presented in
Figure 14, with flexural strength as the horizontal coordinate
and compressive strength as the vertical coordinate. At the
upper right of Figure 14 is the area with the best flexural
and compressive strength properties of the sample. Based
on this, the ratio of the four polymer emulsions was selected.
From left to right, the corresponding polymer emulsion and
ratios were VAE 10%, pure acrylic 10%, VAE 15%, and butyl-
benzene 5%. Considering only the flexural and compressive
strengths, the performance of the 5% SBR emulsion was the
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best. But compared with the other three groups, the perfor-
mance of the flexural and compressive resistance did not dif-
fer notably. Without considering the test error, the maximum
difference in flexural strength was 1.04MPa, and the maxi-
mum difference in compressive strength was 4.37MPa.

Combining Figures 5 and 6, when the viscosity value was
2300–5800mPa·s, the TSL slurry had better fluidity and vis-
cosity. Therefore, the viscosity of 2300–5800mPa·s was taken
as the horizontal coordinate, and the pull-out strength was
taken as the vertical coordinate. Then, by screening out the
different polymer materials with different polymer–cement
ratios in the scatter plots (see Figure 15), the 15% VAE emul-
sion (viscosity 5800mPa·s, pull-out strength 1.94MPa) could
be obtained with the best wall adhesion and sprayability
among the 12 different samples.

The TSL material mostly acts on the surface of the com-
plex surrounding rock surface to solve the problem of poor
fluidity and adhesion of ordinary shotcrete. Therefore, for
the TSL material, we need to first consider the fluidity and
bond strength of its slurry, and secondly, we consider the
flexural and compressive properties of the TSL material. By
using the viscosity test, pull test, flexural test, and compres-
sion test, it can be concluded that the VAE emulsion with a
15% polymer–cement ratio has good comprehensive
mechanical properties and is suitable for modified polymer
emulsions of TSL materials.

4. Conclusion

In this paper, polymer emulsions and ordinary silicate
cement were used as the main raw materials, together with
fillers and other additives, to prepare the samples. We used
VAE, pure acrylic, and styrene-butadiene emulsions as three
alternative polymers. We examined 5, 10, 15, and 20%
polymer–cement ratio as variables and characterized and

analyzed them with viscosity, pull-out, flexural, and com-
pression tests to determine that the VAE emulsion with a
polymer–cement ratio of 15% had good comprehensive
mechanical properties. It is suitable for modified polymer
emulsions of TSL materials. The specific mechanical test con-
clusions are as follows.

(1) When the VAE emulsion was used to modify the
cement mortar, the results showed that the VAE-
modified mortar had the best viscosity performance
at the same polymer–cement ratio. For the adhesion
of the modified mortar on the marble surface, when
the viscosity was 2300–5800mPa·s, the slurry did
not sag on the surface, and the TSL material was
evenly distributed on the surface

(2) The viscosity of the different polymer materials and
the hydration of the cement affected the flexural
strength of the sample. The flexural strength of the
polymer-modified mortar first increased with viscos-
ity and then showed a significant decrease after the
initial increase. For viscosity in the range of 1500–
2300mPa·s, the compressive strength increased with
increasing viscosity. When the viscosity was
>2300mPa·s, the compressive strength decreased
with increasing viscosity

(3) The VAE emulsion was affected by its own viscosity,
and as the viscosity increased, the pull-out strength
was enhanced. The pull-out strength of the pure
acrylic emulsion was first affected by its own viscos-
ity. After reaching a peak, the bonding area became
the dominant factor affecting the drawing perfor-
mance. As a result, the viscosity of the pure acrylic
emulsion first increased with viscosity and then
decreased. The pull-out strength of the styrene-
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butadiene emulsion was at first affected by the bond-
ing area. After the peak value was reached, it was
affected by its viscosity, and the pull-out strength first
decreased and then increased as the viscosity
increased

(4) For the VAE emulsion, as the viscosity of the slurry
increased, the flexural strength first increased and
then decreased. As the viscosity of the pure acrylic
emulsion increased, its flexural strength also showed
a trend of first increasing and then decreasing. The
folding strength increased linearly. The compressive
strength of the VAE and pure acrylic emulsions
decreased linearly as the viscosity of the slurry
increased, and the compressive strength of the
styrene-butadiene emulsion increases linearly as the
viscosity increases

Future work will include a microscopic test to investigate
the changes in the internal structure of the TSL material
when it deforms, improve the selection and ratio of materials,
and improve the overall mechanical properties of the TSL
material.
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