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The residual compressive stress of concrete members can offset the tensile stress caused by some external load and hinder the
generation and expansion of surface cracks to enhance the flexural strength of concrete. In order to carry out this
strengthening method, the single-layer and double-layer gradient coatings mixed by sulphate aluminium cement with different
amounts of expansion agent on the surface of concrete specimens were discussed, and the theoretical calculation formula of
surface compressive stress caused by this was deduced. Combined with experimental data, the influence of surface compressive
stress on flexural strength of concrete was studied. The results demonstrate that the greater the surface compressive stress
generated in the coating, the better the effect of improving the flexural strength of concrete. To obtain sufficient surface
compressive stress, it is recommended that the cross-sectional product ratio of the substrate to the coating is more than 80; the
higher the elastic modulus of the coating, the greater the surface compressive stress; the smaller the shrinkage rate of the
coating, the greater the surface compressive stress. The improvement effect of double-layer gradient coating on the flexural
strength of concrete is better than that of single-layer coating. Compared with the reference specimen without coating, the
improvement rates of double-layer gradient coating on the early and late flexural strength of concrete are 57.7% and 45.7%,
respectively.

1. Introduction

Concrete has become the most widely used civil engineering
materials in practical construction projects due to its high
compressive strength, low cost, easy access to raw materials,
and convenient construction. It plays a key role in promot-
ing the development of social economy. With the develop-
ment of science and technology, concrete buildings will
gradually develop in the direction of large scale, high layers
and large span in the future. However, the low flexural
strength of most concrete used nowadays can lead to surface
cracking of large concrete structures (such as foundation
slab, wall slab, floor slab and underground structure, etc.),
and even affect the safety performance and service life of
concrete structures. [1–3]. Improving the flexural strength
of concrete through diverse ways has become one of the

urgent problems to be solved, so it has gradually become a
research hotspot of experts and scholars.

The incorporation of reinforcement with high tensile
strength in concrete is one of the first measures to enhance
the flexural strength of concrete structures, and the prema-
ture cracking of concrete in the tensile area limited the use
of reinforced concrete components in large span or bearing
power load structures. The emergence of prestressed con-
crete solves this problem. It uses the high compressive
strength of concrete to make up for its low flexural strength
and utilizes the precompression method to indirectly
improve the flexural strength of concrete. In essence, it
changes the crack-prone characteristics of concrete, which
is very effective for saving steel, reducing the size of the
structural section, reducing the weight of the structure, pre-
venting cracking, and reducing deflection. In addition, with
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the further development of research and development work,
various mineral admixtures, fibers, additives, and nanophase
materials, polymer has been applied by scholars to improve
the flexural strength of concrete and has achieved good
results. The research status is as follows:

Tolmachov et al. [4] added water reducer, mineral
admixture, and fiber into concrete to increase its flexural
strength by 25.7%. Singh et al. [5] found that the flexural
strength of RAP concrete could be increased by 10% by add-
ing 10% (mass fraction) silica fume. Zhang et al. [6] found
that when the fly ash content was 20% (mass fraction, the
same below), the flexural strength of recycled concrete could
be increased by 29.9%. On this basis, the flexural strength
could be further increased by 11.4% by adding 1% water
reducer, while the flexural strength of concrete could be
increased by 30.7% by adding 10% silica fume. Somasekhar-
aiah [7] showed that when 10% silica fume was added to the
concrete, and 1% steel fiber and 0.25% polypropylene fiber
were mixed in the concrete, the strength improvement rate
reached 71.5%. Mahadik et al. [8] found that different dos-
ages (volume fraction of 0.25%~1%) of steel fiber had differ-
ent degrees of improvement effect on the flexural strength of
concrete, and when the dosage was 0.75%, it was the best,
and the improvement rate reached 43.3%. Bhat and Alam
[9] found through a large number of tests in the concrete
mixed with 0.5% to 2% (volume fraction) of steel fibers
can improve its flexural strength, the flexural strength of
concrete at the early age became the highest when the steel
fiber content was 2%. Bi et al. [10] found that the flexural
strength of polypropylene fiber with a length of 18mm and
a dosage of 0.6 kg/m3 was increased by 32.3% when it was
mixed with concrete.

Turlapati and Chintapalli [11] suggested that the flexural
strength of polypropylene fiber with a volume fraction of 1%
could be increased by 35%. Wyrzykowski et al. [12] com-
bined expansion agent, super absorbent polymer, and
shrinkage-reducing agent to make the prestress of central
concrete reach about 2.5MPa~3.0MPa. Yang et al. [13]
found that when the content of expansive agent was 6%
(mass fraction), the early and late flexural strength of con-
crete could be enhanced by 6.2% and 4.1%, respectively. Li
et al. [14] found that when the content of nanosilica was
5% (mass fraction), the flexural strength of lightweight con-
crete could be enhanced by 17.5%. Saafi et al. [15] incorpo-
rated 0.35% reduced graphite oxide into cement-based
composites, resulting in an increase of 134% in flexural
strength. Wang et al. [16] found that the flexural strength
of concrete could be increased by 12% by adding 0.5% car-
bon nanotubes and 1.0% polyvinyl alcohol nanosecond
emulsion. Liu et al. [17] added 7% acrylic acid (AA) and 1-
acrylamido-2-methylpropanesulfonic acid (AMPS) polymer
into concrete to increase its flexural strength by 61.2%.

However, all of the above technical ways to improve the
flexural strength of concrete have limitations. The produc-
tion process of prestressed concrete members is complex,
the technical requirements are high, and special tension
equipment and professional technical operators are needed.
At the same time, the construction cost of prestressed con-
crete structures is large, and the engineering cost of fewer

components is high. The application of mineral admixtures
in concrete provides a driving force for the sustainable devel-
opment of resources, and its beneficial effect on the perfor-
mance of concrete is no doubt. However, industrial waste
residue used as mineral admixtures is after all an industrial
byproduct, so there are also some problems. For example,
silica fume will aggravate the shrinkage of concrete, and fly
ash and slag will reduce the initial mechanical properties of
concrete. At the same time, the measures taken to stimulate
the activity of mineral admixtures may lead to hidden dan-
gers such as alkali aggregate reaction, weak resistance to sul-
fate attack, and poor compatibility of admixtures [18–22].
The incorporation of fiber into concrete can significantly
enhance the flexural strength of concrete, while studies have
shown that the incorporation of steel fiber has no obvious
enhancement effect on the compressive strength of concrete,
and there are also problems such as high unilateral cost and
construction difficulties. Basalt fiber production process
energy consumption is enormous, and process control is
not easy. Ordinary glass fiber is brittle and easy to break,
easy to be damaged in the mixing process, and plant fibers
have problems such as elevated water absorption, poor alkali
resistance, and difficult processing [23, 24]. Nanomaterials
are not only expensive but also need to consider the disper-
sion problem in the use process, and their application in
concrete needs to be further studied [25, 26]. There continue
to be some deficiencies in the overall performance of poly-
mer concrete when it is modified by a single polymer. The
incorporation of chemical admixtures will lead to changes
in the structural quality of polymer membranes, which will
have a negative impact on concrete [27, 28].

In addition to the abovementioned prestressed concrete,
another successful application of prestressed reinforcement
technology is the tempered glass. The tempered glass can
improve the strength of the glass by 2~5 times by forming
a layer of preloading stress on the surface of the ordinary
glass, and at the same time, it can improve its thermal stabil-
ity and safety performance, and it has been comprehensively
promoted and popularized worldwide since the beginning of
the 20th century [29–31]. Both in the field of concrete and
glass, prestressed reinforcement design of macroscopic
structure is adopted. The compressive stress is introduced
into the material or component in advance to offset the
external tensile stress, so as to increase the strain of the
matrix cracking due to tension, and improve the fracture
strength, reliability, and durability of the material. In recent
years, a prestress design of high strength and high damage
tolerance composite ceramics comparable to the prestress
distribution of tempered glass has produced good results
[32, 33]. In fact, as long as it can be realized, this method
can be applied to any brittle material, and concrete is one
of the typical brittle materials, with the property of compres-
sive and tensile resistance. Therefore, this study introduces
the idea of surface prestress design into concrete. By
double-layer gradient coating of sulphate aluminium cement
with different expansion agents, Because of the difference
shrinkage rate between Coating 1 and Coating 2, Coating 1
and concrete, the surface residual compressive stress is
formed on concrete surface to offset the flexural stress
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caused by external load, so as to prevent or reduce the for-
mation and expansion of surface cracks, thereby improving
the flexural strength of concrete and extending its service
life. The method is simple to operate, not limited by the
component size and shape, and more economical, while
the substrate does not need to consider the compatibility
with the new material, which has good application
prospects.

2. Theoretical Analysis

The principle of prestressed concrete to enhance the flexural
strength of structural members is to produce precompression
stress in concrete and pretension stress in steel through the
reinforcement in the tensile zone. The precompression stress
can reduce or offset the tensile stress caused by the external
load, so that the tensile stress of structural members is not
large or even in the compression state, so as to improve the
flexural strength of concrete structural members. In turn, coat-
ing the surface of the tensile zone of concrete with coating
shrinkage rate less than the shrinkage rate of the substrate will
produce precompression stress on the surface of the concrete
and produce a balanced pretension stress inside the concrete,
which is the same as the principle of improving the flexural
strength of prestressed concrete. Only one of the precompres-
sion stresses is generated inside the concrete, and one is gener-
ated on the surface of the concrete. If a double-layer gradient
coating with different shrinkage rates is applied on the con-
crete surface, the second coating (coating 2) shrinkage rate< -
the first coating (coating 1) shrinkage rate, the surface residual
compressive stress in both coating 1 and coating 2, the double-
layer gradient coating, which can further enhance the flexural
strength of the concrete. The residual stress distribution dia-
gram of prestressed concrete, single-layer coated concrete,
and double-layer gradient-coated concrete is shown in
Figure 1.

To determine the feasibility of this idea, this paper first
derived the theoretical calculation formula of the surface
compressive stress generated by applying double-layer gradi-
ent coating, assuming the contraction ratio of coating 1 and
coating 2 is αc1 with αc2, and the shrinkage rate of concrete
substrate is αs, the cross-sectional diagram of the length
direction of the test piece before and after the coating is
shown in Figure 2. Assuming that no constraint exists in
the ideal free shrinkage case, the shrinkage of coating and
substrate is shown in the dashed line section of Figure 2,
and the shrinkage rate of coating 1, coating 2, and substrate
can be indicated by formula (1), (2) and (3).

αc1 =
δ11
L

, ð1Þ

αc2 =
δ12
L

, ð2Þ

αs =
δ2
L
: ð3Þ

In the formula, the amount of free contraction of the coat-
ing 1 and the coating 2 is δ11 and δ12, δ2 is the length direction

of the substrate, and L is the initial length of the sample. In
fact, because the tight binding of the interface has deformed
the coating identical to the substrate, assuming that the overall
amount of cooperative deformation of the composite sample is
δ, and the overall shrinkage rate is �α:

�α = δ

L
: ð4Þ

The residual stress in the coating and the substrate is bal-
anced, assuming the surface compressive stress in the coating
1 and the coating 2 are σc1 and σc2, the tensile stress in the sub-
strate to balance the surface compressive stress is σs, under the
action of stress, the linear deformations of coating 1 and coat-
ing 2 are d11 and d12, the linear deformation of the substrate is
d2. According to the relationship between stress and strain,
formulas (5), (6), and (7) can be obtained:

d11 =
σc1
Ec1

× L: ð5Þ

d12 =
σc2
Ec2

× L: ð6Þ

d2 =
σs
Es

× L: ð7Þ

The elastic modulus of the coating 1 and the coating 2 is
Ec1 and Ec2, respectively, Es is the elastic modulus of the sub-
strate, which is known or tested. To facilitate derivation and
analysis, assuming the cross-section area of the coating 1 and
the coating 2 is equal, known from the substrate tensile stress
and the coating compressive stress in the cross section:

σc1Sc + σc2Sc = −σsSs: ð8Þ

From Figure 2, d11, d12, δ11, δ12, and δ2 has the following
geometric relationship:

d11 = δ − δ11, ð9Þ

d12 = δ − δ12, ð10Þ

d2 = δ2 − δ: ð11Þ
Combined with formula (3), (4), (7), (8) and (11) can get

formula (12):

σc1 + σc2 =
Ss
Sc

� �
· Es · αs − �αð Þ: ð12Þ

It can be seen by formula (12) that the surface compressive
stress is not a material constant, and it is related to the cross-
sectional product ratio of the coating to the substrate. In order
to more intuitively evaluate the surface compressive stress of
various shapes and dimensions, it is best to use the material
constant instead of the unknown quantity, and the extraordi-
nary parameters can be expressed in combination with the
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above formula:

�α = Ec1αc1 + Ec2αc2 + Es · αs · Ss/Scð Þ½ �
Ec1 + Ec2 + Es · Ss/Scð Þ½ � : ð13Þ

Combining equation (12) and equation (13), the calcula-
tion formula of surface compressive stress caused by double-
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Figure 1: Residual stress distribution diagram of prestressed concrete (a), single-layer coating concrete (b), and double-layer gradient
coating concrete (c).
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Figure 2: Cross-sectional diagram of coating specimen.
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Figure 3: Theoretical relationship between surface compressive
stress and cross-sectional area ratio under four modulus ratios.
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Figure 4: Theoretical relationship between surface compressive
stress and cross-sectional area ratio under four shrinkage ratios.

Table 1: Chemical composition of cement and expansion.

Material CaO SiO2 Al2O3 SO3 Fe2O3 MgO

P·O42.5R 56.78 22.61 7.01 1.94 2.89 3.73

SAC42.5 49.50 8.51 20.17 14.91 1.97 0.77

HME®-IV 52.56 1.03 13.61 28.33 0.66 1.81
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layer gradient coating can be obtained:

σc1 + σc2 =
Ss
Sc

� �
· Es · αs 1 − Ec1αc1

Esαs
+ Ec2αc2

Esαs
+ Ss
Sc

� �
/ Ec1

Es
+ Ec2

Es
+ Ss
Sc

� �� �
:

ð14Þ

Similarly, the formula for the surface compressive stress
generated by a single-layer coating can be deduced as
described above:

σc =
Ss
Sc

� �
· 1 − EsSs

EcSc
+ αc
αs

� �
/ 1 + EsSs

EcSc

� �� �
Es · αs: ð15Þ

In the formula, σs is the tensile stress generated in the sub-
strate and balanced with the surface compressive stress, Sc and
Ss are the cross-sectional areas of coating and substrate,
respectively. Ec and Es are the elastic modulus of coating and
substrate, respectively, αc and αs are the shrinkage of coating
and substrate, respectively.

It can be seen from formula (14) that the magnitude of
the surface compressive stress in the double-layer gradient
coating is closely related to the cross-sectional area ratio,
elastic modulus ratio and shrinkage ratio between the coat-
ing and the substrate. Therefore, the magnitude of surface
compressive stress can be adjusted by these parameters to
achieve the effect of optimal design. In this paper, the
cross-sectional product of the concrete substrate has been
determined, and its shrinkage rate and elastic modulus are
also a fixed value (Obtained αs = 330 × 10 − 6, Es = 28:1
GPa through test), allowing qualitative analysis of surface
compressive stress generated in double-layer gradient coat-
ing based on formula (14).

First, the elastic modulus value and contraction rate
value of coating 1 are taken as the invariants, and when
the shrinkage and elastic modulus of coating 2 are variables,

the variation trend of the surface compressive stress gener-
ated in the double-layer gradient coating with the ratio of
the cross-sectional area of the substrate to the coating is ana-
lyzed. It is assumed that the shrinkage ratios of coating 1 and
coating 2 to substrate (αc1/αs = 0:6, αc2/αs = 0:3) are both
fixed values. When the elastic modulus ratio of coating 1
to substrate is Ec1/Es = 0:6, and the elastic modulus ratio of
coating 2 to substrate is Ec2/Es = 0:6， 0.9， 1.2， 1.5, respec-
tively, the variation trend of surface compressive stress in
the double-layer gradient coating with the cross-sectional
area ratio of substrate to coating is shown in Figure 3. It is
assumed that the elastic modulus ratio of coating 1 and coat-
ing 2 to substrate (Ec1/Es = 0:8, Ec2/Es = 0:5) is a fixed value.
When the shrinkage ratio of coating 1 to substrate is αc1
/αs = 0:6, and the shrinkage ratio of coating 2 to substrate
is αc2/αs = 0:2, 0:3, 0:4, 0:5, respectively, the variation trend
of the surface compressive stress generated in the double-
layer gradient coating with the cross-sectional area ratio of
the substrate to the coating is shown in Figure 4.

Table 2: Performance indicators of the expansion agent.

Inspection item

Fineness
Limited expansion

Rate (%)
Compressive

strength (MPa)
Sieve residue
(1.18mm)

(%)

Specific surface area
(m2·kg-1)

In water
(7d)

In air
(21d)

7d 28d

Performance indicator 0 390 0.102 0.034 40.0 53.4

Table 3: Mixture ratio of coating and substrate.

Sample no.
Mixture ratio of substrate

(kg·m-3)
Mixture ratio of coating

(%)
C W S G SAC42.5 HME®-IV

Control 350 190 648 1177 / /

SC -0% 350 190 648 1177 100% 0%

SC -6% 350 190 648 1177 94% 6%

SC -10% 350 190 648 1177 90% 10%

DC-0%-10% 350 190 648 1177
Coating 1: 100%
Coating 2: 90%

Coating 1: 0%
Coating 2 : 10%

k

k

k
Coating 1

Coating 2

k

h1

h2

Substrate

Figure 5: Schematic of the double-coated specimen.
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As shown from Figure 3, when the elastic modulus of the
coating 2 is a single variable, the surface compressive stress
(σc1 + σc2) increases with the increase of Ec2/Es; according
to Figure 4, when the shrinkage rate of the coating 2 is a sin-
gle variable, the surface compressive stress (σc1 + σc2)
decreases with the increase of αc2/αs; Figures 3 and 4 show
that the surface compressive stress (σc1 + σc2) increases first
with the increase of Ss/Sc, and plateaus after Ss/Sc > 80. Sim-
ilarly, when the elastic modulus value of the coating 2 is
taken as invariants, and the shrinkage rate value and the
elastic modulus value of the coating 1 are the variables, the
trend of surface compressive stress changes with the cross-
sectional area ratio value of the substrate and the coating,
which is completely consistent with the above.

Considering the above analysis: (1) on the premise of
coating 2 shrinkage < coating 1 shrinkage < substrate
shrinkage, the smaller the shrinkage of coating 1 and coating
2, the greater the surface compressive stress. (2) The higher
the elastic modulus of coating 1 and coating 2, the greater
the surface compressive stress. (3) In order to obtain enough
surface compressive stress, it is suggested that Ss/Sc > 80.

3. Experiment

3.1. Materials. According to the above theoretical analysis, it
can be seen that the shrinkage rate of coating 2< that of
coating 1< that of substrate is the prerequisite for the gener-
ation of surface compressive stress, and the concrete will
contract during the hardening process. Therefore, in this
study, the slightly expanded sulphoaluminate cement was
selected as the main component of the coating material,
and the shrinkage rate of the coating material was adjusted
by adding different amounts of concrete efficient expansion
agent, so as to ensure the smooth generation of surface com-
pressive stress.

Ordinary Portland cement (P·O42.5R) and sulphate alu-
minate cement (SAC42.5) were selected as cement in the
concrete substrate and coating, respectively. Fine aggregate
in substrate was medium sand with fineness modulus Mx

Preparation of substrate Preparation completed
demoulding after 24h Preparation of coating

Spraying coatings Spraying completed Smoothing completed

Figure 6: Preparation process of coated concrete specimen.

Figure 7: Flexural strength test.

Figure 8: Elastic modulus test of coating.
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= 2:82, and the coarse aggregate was stone with continuous
gradation of 5~30mm in particle size. Calcium oxide-
calcium thialuminite compound expansion agent (HME®-
IV) was used for the expansion agent, and water was labora-
tory tap water. The chemical composition of the cement and
the expansion agent is shown in Table 1, and the perfor-
mance indicators of the expansion agent are shown in
Table 2.

3.2. Design of Coating and Substrate. In order to facilitate the
test of the shrinkage rate and elastic modulus of the coating
material, the low content of expansion agent and sulphate
aluminate cement was selected as the coating in this experi-
ment, and five groups of test schemes were designed. Among
them, the blank test group without coating had a total of one
group; the single-layer coating consisted of three groups,
which were composed of sulphate aluminate cement and
0%, 6%, and 10% expansion agent, respectively. There was
a group of double-layer gradient coating, the first layer and
the second layer were the substrate of sulphate aluminate
cement and expansion agent with the contents of 0% and
10%, respectively, so that the shrinkage difference between
the two layers reaches the maximum. The water-cement
ratio of the coating is 0.5, and the mixture ratio of the refer-
ence specimen without the coating and the substrate with
the coating were consistent. The mixture ratio of the coating
and the substrate is given in Table 3.

3.3. Methods

3.3.1. Preparation of Coated Concrete Test Specimens. After
the concrete substrate was poured, solid, and flattened, it
shall be covered with plastic film and placed in the room
with an ambient temperature of (20 ± 1)°C. After 24h, the
concrete surface shall be cleaned and moistened with a wet
rag. The prepared coating was evenly sprayed on the con-
crete surface (four faces in the length direction) and
smoothed with a scraper. Double-layer gradient coating
sprays the second coating immediately after spraying the
first coating and smoothing with a scraper, and the test sche-
matic diagram is shown in Figure 5, where k is a cross-sec-
tion, h1 for the thickness of the first coating, and h2 for the

thickness of the second coating. The specific preparation
process of coated concrete specimen is shown in Figure 6.

3.3.2. Flexural Strength Test. The prepared specimens were
cured to 7d and 28d at (60 ± 5)% relative humidity and
(20 ± 1)°C, and then, according to GB/T 50081-2019 guide-
lines, the specimens of size 100mm × 100mm × 400mm
were tested for measuring flexural strength by universal test-
ing machine (Figure 7), and the controlled loading rate was
0.05MPa/s. Take the average value of the flexural strength
test results of a group of 3 specimens as the test result.

3.3.3. Coating and Substrate Shrinkage Rate Test. According
to JC/T 313-2009 guidelines, the specimen size of 25mm ×
25mm × 280mm was tested for measuring shrinkage rate
of the coating by JH-320 alkali aggregate specific length
meter. Specimen size of 100mm × 100mm × 515mm was
tested for measuring shrinkage rate of the concrete by
HSP-540 shrinkage apparatus as per GB/T 50082-2009
guidelines. After the molding of the specimen, the initial
length was measured after the curing condition of 1d under
the above discount strength test, the specimen length
changes after curing to 28d to calculate the shrinkage rate
of 28d age, and the shrinkage rate of the coating and

Pressure

Preloading 3 times 4th 5th

30s 30s

Specimen destruction

Time

N0.4

N0

0

Figure 9: Schematic diagram of the loading method of the coating elastic modulus.

Figure 10: Elastic modulus test of substrate.

7Journal of Nanomaterials



substrate was calculated as the formula:

S28 =
L28 − L1ð Þ

L0
× 100%: ð16Þ

In formula, S28 indicates the shrinkage rate of 28d (pos-
itive expansion and negative contraction); L28 is the length
of 28d, mm; L1 is the initial length of the specimen, mm;
L0 is the effective length of the specimen (coating specimen
250, substrate specimen 485), mm. Take the average value
of the shrinkage rate test results of a group of 3 specimens
as the test result.

3.3.4. Coating and Substrate Elastic Modulus Test. In order
to calculate the theoretical value of surface residual compres-
sive stress generated in the coating, the elastic modulus of
the coating and the concrete substrate at the age of 28d were
tested by the dial indicator method. Specimen size of 70:7
mm × 70:7mm × 220mm was tested for measuring elastic
modulus of the coating by TM-3 mortar elastic modulus tes-
ter as per JGJ/T70-2009 guidelines (Figure 8), and the load-
ing speed was set to 0.5kN/s. The schematic diagram of the
loading method is shown in Figure 9, N0 is the initial load
at a stress of 0.3MPa and N0:4 is the pressure at 40% of
the axial compressive strength.

Specimen size of 150mm × 150mm × 300mm was
tested for measuring elastic modulus of the concrete sub-
strate by TM-2 concrete elastic modulus tester as per GB/T
50081-2019 guidelines (Figure 10), and the loading speed
was set to 0.3MPa/s. The schematic diagram of the loading
method is shown in Figure 11, F0 is the initial load with a
stress of 0.5MPa, and Fa is the load at 1/3 axial compressive

strength. Take the average value of the elastic modulus test
results of a group of 3 specimens as the test result.

3.3.5. Microscopic Test. The interface morphology and
microstructure between coating and substrate were observed
by JSM-6360LV scanning electron microscope. The sample
preparation steps were as follows: after the flexural strength
test of the specimen, a small sample was cut at the section of
the specimen to be tested and then immersed in anhydrous
ethanol solution for 24 h to stop the hydration reaction;
finally, the test sample was placed in a 100°C oven for drying
for 12h. The surface of the sample to be tested needs to be
sprayed with gold for 30min before using scanning electron
microscope to observe the sample, so as to increase the con-
ductivity of the sample and make the observation of the
interface microstructure clearer.

4. Results and Discussion

4.1. Theoretical Value Calculation of Surface Compressive
Stress. According to the qualitative analysis in Section 2,
the thickness of the coating should be less than 1.25mm.
Therefore, the thickness h of the single-layer coating and
the thickness h1 and h2 of the double-layer gradient coating
were both set to 1mm in the test of this study, that was, the
cross-sectional area ratio of coating to substrate remained
unchanged. In order to verify that the surface compressive
stress of the gradient coating is greater than that of the
change of coating shrinkage rate and elastic modulus, the
shrinkage rate and elastic modulus were tested (Table 4),
and the theoretical values of the surface compressive stress

Load
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Figure 11: Schematic diagram of the loading method of the substrate elastic modulus.

Table 4: Test results of shrinkage rate and elastic modulus of coating and concrete.

Sample no. Ss/mm2 Sc/mm2 αs/% αc/% Es/MPa Ec/MPa

SC-0% 10000 100 -0.330 0.020 2:81 × 104 1:80 × 104

SC-6% 10000 100 -0.330 0.056 2:81 × 104 2:00 × 104

SC-10% 10000 100 -0.330 0.081 2:81 × 104 1:75 × 104

Sample no. Ss/mm2 Sc/mm2 αs/% αc1 αc2j /% Es/MPa Ec1 Ec2j /MPa

DC-0%-10% 10000 100 -0.330 0.020 0:081j 2:83 × 104 18000 17500j
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were calculated based on Equations (14) and (15), respec-
tively. The calculation results are shown in Table 5.

According to Table 4, the shrinkage rate of all coating
materials is positive and still expanding at 28d, while the
concrete substrate is shrinking, and the shrinkage rate is
coating 2< coating 1 shrinkage rate, which shows that the
coatings used in the test meet the prerequisite conditions
for generating surface compressive stress.

The SC-0% group is the single-layer coating group with-
out expansion agent in the coating, and the DC-0%-10%
group is the double-layer gradient coating group with 10%
expansion agent content on the basis of SC-0% group. It
can be seen from Table 5, the surface compressive stress in
the coating of DC-0%-10% group is 29.02MPa, the surface
compressive stress is increased by 206.1% compared with
the SC-0% group. The coating of SC-10% in the single-
layer coating group was the same as that of coating 2 in
the double-layer gradient coating group, and the surface
compressive stress in the coating of DC-0%-10% group
was still higher than that of SC-10% group by 9.19MPa. In
the three single-layer coating groups, with the increase of
the content of expansion agent in the coating from 0% to
10%, the shrinkage rate of the coating showed a downward

trend, while the elastic modulus of the coating changed little,
and the surface compressive stress in the coating increased.

The above analysis shows the following. (1) The surface
compressive stress generated by the double-layer gradient
coating group is significantly higher than that generated by
the single-layer coating group, which also verifies the con-
clusion of the theoretical derivation of the double surface

Table 5: Theoretical values of the surface compressive stress in the coating.

Sample no. Ss/Sc Es/Ec αc / αs Es/MPa αsj j /% σc/MPa

SC-0% 100 1.56 -0.61 2:81 × 104 0.330 9.48

SC-6% 100 1.41 -1.70 2:81 × 104 0.330 17.67

SC-10% 100 1.61 -2.45 2:81 × 104 0.330 19.83

Sample no. Ss/Sc Ec1/EsjEc2/Es αc1 / αsjαc2/αs Es/MPa αsj j/% σc1 + σc2
/MPa

DC-0%-10% 100 0.64|0.62 -0.61|-2.45 2:83 × 104 0.330 29.02

Note: When the surface compressive stress is calculated, the shrinkage of the substrate is absolute value.
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Figure 12: Flexural strength of uncoated specimens and coated specimens.

Figure 13: Interface morphology between coating and substrate.
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compressive stress in Section 2. (2) When the cross-sectional
area ratio of the coating to the substrate is a fixed value and
the elastic modulus ratio changes little, with the decrease of
the coating shrinkage, the surface compressive stress in the
coating increases, which is consistent with the conclusion
obtained in the qualitative analysis.

4.2. Experimental Verification of Improving Flexural Strength
of Concrete. To further verify the improvement effect of the
double-layer gradient coating on the flexural strength of
concrete than the single-layer coating and to study the influ-
ence of the surface compressive stress on the flexural
strength of concrete, the 7d and 28d flexural strength of
uncoated and coated specimens were tested. The test results
are shown in Figure 12.

It can be seen from Figure 12 that compared with the
reference specimen without coating, whether single-layer
coating or double-layer gradient coating can improve the
7d and 28d flexural strength of concrete, even the lowest
group of 7d flexural strength in the coated specimen (SC-
0%) also reached the 28d flexural strength of the reference
specimen without coating (Control).

The effect of surface compressive stress on the early flex-
ural strength of concrete was better than that on the later
flexural strength. In the single-layer coating group, 7d and
28d flexural strength of concrete specimens increases with
the increase of expansion agent content in the coating. The
7d and 28d flexural strength improvement rates of SC-0%
group were 38.5% and 14.3%, respectively, the improvement
rates of 7d and 28d flexural strength in SC-6% group were
50.0% and 25.7%, respectively, and the 7d and 28d flexural
strength improvement rates of SC-10% group were 53.8%
and 31.4%, respectively. The flexural strength of double-
layer gradient coating group (DC-0%-10%) was better than
that of the other three single-layer coating groups. The early
and late flexural strength was 4.1MPa and 5.1MPa, respec-
tively, and the strength improvement rate was 57.7% and
45.7%. This shows that the method proposed in this study
to produce double surface compressive stress by coating
double-layer gradient coating on the surface of concrete is
feasible and effective for improving the flexural strength at
early and late stages.

Combined with the theoretical values of surface com-
pressive stress in Section 4.1 and the test results of flexural
strength in this section, it can be found that the compressive
stress on the surface of concrete and the improvement effect
on the flexural strength of concrete with coated double-layer
gradient coating are greater than those with coated single-
layer coating. In the single-layer coating group, under the
premise of small changes in the elastic modulus of the coat-
ing, with the increase of the content of expansion agent in
the coating, the shrinkage rate of the coating decreases,
and the surface compressive stress generated in the coating
increases. The improvement effect on the flexural strength
of concrete is also becoming more and more obvious. It
can be seen that the greater the surface compressive stress
generated in the coating, the better the effect of improving
the flexural strength of concrete.

4.3. SEM Microanalysis. Good adhesion between the coating
and the concrete substrate is the premise of the surface resid-
ual compressive stress, and it is also the key to the overall
and common stress of the concrete components after coat-
ing. Figure 13 shows the micromorphology of the interface
between the double-layer coating and the concrete substrate
at the age of 28d. It can be observed from the figure that the
boundary between the coating and the substrate is obvious
and closely integrated, indicating that the cement slurry with
expansion agent as the coating can better bond with the con-
crete substrate and further generate surface residual com-
pressive stress.

Figure 14 shows the SEM comparison results of the con-
crete substrate at the interface between the double-layer gra-
dient coating and the uncoated specimen at the age of 28d.
Figure 14(a) shows that there are obvious cracks in the sub-
strate of uncoated concrete, and the overall structure is
uneven and irregular; compared with the uncoated speci-
men, the overall structure of the double-layer coated con-
crete substrate in Figure 14(b) is dense, and the internal
cracks are significantly reduced.

This phenomenon may be due to the coating increases
the wettability of the substrate surface and improves the
water-cement ratio between the coating and the substrate,
which promotes the hydration of the interface cement. At

(a) (b)

Figure 14: Internal morphology of substrate at interface between uncoated specimen (a) and coated specimen (b).
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the same time, the expansion agent reacts to generate a large
number of AFt crystals that are interwoven to fill and cut off
the capillary pores, so that the large pores are reduced and
the total porosity is reduced, thereby improving the com-
pactness of the microstructure at the interface [34]. The
improvement of the pore structure at the interface by the
coating reduces the overall moisture loss of the specimen,
thereby reducing the shrinkage stress caused by the moisture
loss of the pores, which is conducive to reducing the shrink-
age cracking of concrete. In addition, the in-plane compres-
sive stress of the surface itself is compressed and densified,
which hinders the expansion of surface microcracks, and
can improve the flexural strength of concrete [2].

The above microscopic analysis results show that the
improvement effect of low shrinkage coating on the flexural
strength of concrete is due to the fact that the generated sur-
face compressive stress reduces the tensile stress caused by
the external load and inhibits the generation and propaga-
tion of surface cracks. On the other hand, it is due to the
improvement effect of coating on the structure of the inter-
facial transition zone.

5. Conclusions

(1) The theoretical analysis of double-layer gradient
coating enhancing concrete flexural strength shows
that the size of the surface compressive stress is
related to the cross-section product ratio, elastic
modulus ratio, and shrinkage rate ratio of the sub-
strate and the coating, so through these parameters,
the size of the surface compressive stress can be
adjusted to achieve the optimal design effect. When
the parameters of the substrate are unchanged, the
higher the elastic modulus of the coating, the greater
the surface compressive stress; the smaller the
shrinkage of the coating, the greater the surface com-
pressive stress; when the cross-sectional area ratio of
substrate to coating is more than 80, the surface
compressive stress is larger

(2) Coated on the concrete surface by double-layer gra-
dient coating, the first layer is pure sulfate cement
mixed with 10% expansion agent, Because the
shrinkage rate of Coating 1 is between that of con-
crete and Coating 2, surface compressive stresses
are formed between Coating 1 and Coating 2, and
between Coating 1 and concrete, respectively, during
the curing process. which effectively improves the
early and later fracture strength by 77.7% and
45.7%, respectively, compared with the uncoated ref-
erence test

(3) By combining the theoretical value of surface com-
pressive stress of the coating test and the flexural
strength test results, it was found that the double-
layer gradient coating test produces more surface
compressive stress and higher flexural strength than
the single-layer coating test; the smaller the shrink-
age rate of the coating, the greater the surface com-

pressive stress, the higher the flexural strength. It
can be shown that the greater the surface compres-
sive stress generated in the coating, the better the
improvement effect of the concrete flexural strength

(4) SEM test results show that the coating mixed with
expansion agent and cement can be safely and stably
attached to the concrete substrate. The coating can
improve the density of the interface with the sub-
strate and hinder the formation and propagation of
surface cracks

The strengthening method adopted in this study can
provide a new idea for improving the flexural strength of
cement-based materials, but there are still some problems
that need further study, mainly including the following:

(1) The more specific relationship between the ratio of
different cross-sectional area, elastic modulus ratio
and shrinkage ratio, and the flexural strength of
specimens is taken as the focus of future research

(2) In the future research, various types of coatings can
be selected for further study to further increase the
effect of surface residual compressive stress on the
flexural strength of concrete

(3) In the future research, the coating can be coated by
machine, which can reduce the deviation of the test
results caused by manual operation
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