Original Research
16 October 2024

:' frontiers | Frontiers in Materials
10.3389/fmats.2024.1490442

‘ @ Check for updates

OPEN ACCESS

Biao Hu,
Shenzhen University, China

Chuangqing Fu,

Zhejiang University of Technology, China
Weichao Guo,

Yanshan University, China

Muhan Wang,

Qingdao University of Technology, China

Yang Jiapeng,
1472401892@qgqg.com

03 September 2024
30 September 2024
16 October 2024

Shusen Z, Jiapeng VY, Yiyang L, Zhenyu W,
Shunjie Z, Liling Z and Tao W (2024) Study on
the adhesive property of sludge-modifed
magnesium phosphate cement reinforcement
coating for steel bars.

Front. Mater. 11:1490442.

doi: 10.3389/fmats.2024.1490442

© 2024 Shusen, Jiapeng, Yiyang, Zhenyu,
Shunijie, Liling and Tao. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Materials

Study on the adhesive property
of sludge-modifed magnesium
phosphate cement
reinforcement coating for steel
bars

Zhang Shusen', Yang Jiapeng?*, Li Yiyang?, Wang Zhenyu,
Zhong Shunijie®, Zhuang Liling® and Wang Tao*
!Cangzhou Qugang Expressway Construction Co., Ltd., Cangzhou, Hebei, China, 2School of Civil

Engineering, Tianjin University, Tianjin, China, *Fujian Zhanglong Construction Investment Group Co.,
Ltd., Zhangzhou, Fujian, China

The synergistic interaction inreinforced concrete systems originates from
the strong bond between steel reinforcement and concrete, enabling them
to collaborateunder load and optimize structural performance. This study
applied various sludge-modifed magnesium phosphate cement mixtures to
the surfaces of plain round steel bars and ribbed steel bars to prepare steel-
reinforced concrete specimens. The characterization of the bond performance
of the sludge-modifed magnesium phosphate cement reinforcement coating
for steel bars and concrete was achieved through analyzing the failure modes,
bond strength, and slip values of diferent groups. Microscopic analysis was
performed using a scanning electron microscope. The results revealed that
the primary failure mode of the steel-reinforced concrete specimens was steel
bar pull-out, with some specimens exhibiting concrete splitting failure. Coating
application on plain round steel bars increased bond strength, while on ribbed
steel bars, it decreased bond strength. The application of the coating slightly
reduced slip values to some extent.

magnesium phosphate cement, reinforcement coating, adhesive property, sludge,
mechanical properties

1 Introduction

Te reinforced concrete system can form a good working system cooperation work
because there is a good bond between the steel bar and the concrete. Te steel bar and
concrete can work together when the force is loaded, and the best structural performance
of the system can be observed. Good adhesive properties guarantee the most basic
safety, shock resistance, durability, maintenance, and operating costs of reinforced concrete
structures and quality control during construction. T ere is a good bond stress between the
reinforcement and concrete, which is generally provided by the following aspects (Zhao and
Jin, 2002; Yang et al., 2013; Haque and Chen, 2019; Nobre et al., 2020).

In reinforced concrete structures, bonding stress between the concrete and
steel reinforcement is primarily facilitated by chemical adhesion, mechanical
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bite force, and friction. Chemical adhesion results from the
hydration reaction of cement with steel surfaces, forming a solid
interface. Mechanical bite force, especially crucial for ribbed
steel bars, relies on surface properties and internal pressure
to enhance the bond strength. Friction force, generated when
concrete envelops steel bars and resists relative movement,
is infuenced by extrusion pressure, surface roughness, and
concrete shrinkage. Chemical bonding is typically minimal,
with round bars relying more on friction and ribbed bars on
mechanical bite force for efective bonding (Jiang and Qiu, 2012;
Yang, 2018; Szewczak et al., 2020).

Magnesium phosphate cement (MPC) difers from traditional
Portland cement, possessing unique hydration and hardening
characteristics (Bodong et al., 2023; Xiangrui et al., 2023; Xin et al.,
2022). Due to its ceramic-like properties, MPC is also referred to
as chemically bonded magnesium phosphate ceramics. MPC is
typically produced through an acid—base neutralization reaction
between calcined magnesium oxide and water-soluble acid
phosphate. It ofers several advantages, including rapid setting and
hardening, high early strength, good volumetric stability, strong
bond strength, and excellent resistance to chloride and sulfate
ions. T ese properties make MPC widely applicable in structural
repair and reinforcement, bioceramics, radioactive and hazardous
waste containment, manufacturing embedded mold materials,
and protective coatings. MPC is particularly favored for use in
protective coatings due to its unique combination of fast hardening,
strong adhesion, and superior fre and corrosion resistance. Recent
studies have further demonstrated that MPC exhibits a high
degree of similarity with ordinary Portland cement in terms of
the thermal expansion coefcient and volume compatibility. As a
result, MPC is well-suited for producing anti-corrosion coatings
to protect reinforced concrete from degradation (\Wang et al.,
2021; Junetal., 2019; Kytinou et al., 2020; Xiaoming et al., 2023;
Zhang et al., 2023).

Yang Haiyan applied a magnesium phosphate cement coating
with a thickness of approximately 500 um on the surface of Q235
steel (Yang, 2018). Trough electrochemical tests and salt spray
tests, it was proven that the magnesium phosphate cement coating
has a good anti-corrosion protection efect on Q235 steel, and the
magnesium phosphate cement coating with the combination of
silica ash and Al,Oj is better in corrosion resistance. Li studied the
sulfate attack resistance of concrete coated with coating, magnesium
phosphate cement coating, and epoxy coating, and the results
indicated that the structure and composition of the MPC coating
changed under the sulfate attack environment. Te MPC coating
made concrete bonds more tightly, and the structure was more
compact than in other environments, which signifcantly corroded
the sulfate protection efect of concrete. Te MPC coating can
signifcantly improve the sulfate resistance of concrete than epoxy
coating (Junetal., 2019). Tang studied the protective efect of
magnesium phosphate cement on steel corrosion in the restoration
of reinforced concrete structures, and the results indicated that MPC
has a good protective efect on steel corrosion, which might be due
to the newly formed protective flm on the steel surface. In addition,
the related reactions between phosphate and Fe?+ ions may play an
important role in the formation of the protective flm and efectively
reduce the corrosion rate (Tang et al., 2020). Yang Quan Bing studied
the ability of magnesium phosphate cement mortar, ordinary
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Portland cement, and slag cement to prevent corrosion of steel bars.
Te results indicated that afer six dry—wet cycles, the corrosion rate
of magnesium phosphate cement mortar was only 0.18%, which
was only 22.8% of that of ordinary Portland cement and 48.6% of
that of slag cement (Yang et al., 2000). Xiangdong made a reinforced
concrete specimen coated with epoxy coating. By controlling the
steel bar diameter and efective bond length, the infuence on the
bond performance of the specimen was analyzed, and the relevant
bond strength calculation formula was proposed (Yang, 2018). Jones
analyzed and studied the infuence of various factors on the bond
strength between epoxy-coated steel bars and high-performance
concrete. Based on the analysis of these data, he put forward relevant
suggestions for modifying the current formula (Jones and Ramirez,
2016). Zhang conducted a pull-out test on the bond performance
of FRP bars and concrete and analyzed the bond slip constitutive
model of ribbed FRP bars and plain bars. T e failure forms of the
specimens are sliding and pulling out of FRP bars and breaking
of FRP bars. With the decrease in the surface reinforcement and
anchorage length of FRP bars and the increase in concrete strength,
the average bond strength between FRP bars and concrete increases
(Yongkang and Xiaoming, 2012).

Sludge, as an inert admixture, can be used to modify
magnesium phosphate cement, efectively extending its setting
time and enhancing its early mechanical properties. Additionally,
sludge can be applied directly as an anti-corrosion coating on
the surface of steel bars, providing signifcant protection and
improving their corrosion resistance. However, there is limited
research on the adhesive properties between sludge-modifed
magnesium phosphate cement coatings and concrete. T erefore, this
study employs pull-out tests as the core experimental framework
to evaluate and analyze the adhesive properties of modifed
magnesium phosphate cement coatings with varying sludge contents
by preparing pull-out test specimens (Ryu et al., 2024; Guan et al.,
2024; Furong et al., 2024; Pavlikova et al., 2020).

2 Materials and methods
2.1 Experimental material

Te re-fred magnesia produced by Jinan Ludong Refractory
Material Co., Ltd. is calcined and ground into magnesia powder
at 1700°C for the preparation of magnesia phosphate cement.
Te powder is brownish yellow. Potassium dihydrogen phosphate
(KH,PO,) produced by Sinophosphate Chemical Reagent Co., LTD.
is a white powder, easily soluble in water at room temperature.
Prior to experimentation, the sludge obtained from the desiccation
project at Yuecheng Reservoir in Cixian County, Handan City,
Hebei Province, requires activation. T e activation process involves
drying the sludge in a drying box, followed by ball milling to
produce a brown and yellow powder. Subsequently, the powder
undergoes calcination in a high-temperature furnace before being
subjected to ball milling again. Te chemical composition of the
resulting material is detailed in the table below. Te chemical
composition of the material is shown in Tables 1, 2 (Lv et al., 2024a;
Lv et al., 2024b; Lv et al., 2024c).

P.0.42.5 ordinary Portland cement, produced by the Tangshan
Yanshan Cement Factory, was selected for the concrete preparation.
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TABLE 1 Chemical composition of MgO (%).

IOy

89.65

Crushed stone and river sand were used as aggregates, with
the stone having a uniform particle size range of 5-25 mm and
the river sand featuring continuous grading with a maximum
particle size of 5mm. Te chemical composition of the cement is
presented in Table 3 below.

2.2 Mix ratio design

Due to the small particle size of the sludge, even a small
amount can signifcantly afect the fow behavior of the MPC system.
T erefore, in this study, while varying the sludge content in diferent
groups, the fowability of each group was kept consistent. Te MG-P
molar ratio of the magnesium phosphate cement in the sludge-free
group was maintained at 8.5, and the combined mass of the sludge
and MgO in the sludge-containing groups was controlled to 2.5,
ensuring uniform fuidity across all groups. T e specifc proportions
of MPC with varying sludge contents used in the experiment are
presented in Table 4. Additionally, uncoated steel bars (Group C)
were prepared as a control group.

Te concrete design strength of the drawing specimen is
C40 concrete, and the mix ratio per cubic meter of concrete is
calculated according to JG55-2011“Ordinary Concrete Mix ratio
Design Regulations”, as shown in Table 5 below.

2.3 Specimen preparation

Production of magnesium phosphate cement. Magnesium
phosphate cement is prepared according to the modifed mix ratio
detailed in Table 4. Initially, the required amounts of magnesium
oxide, phosphate, and sludge are weighed according to the ratios
specifed. T ese materials are then placed into a cement slurry mixer
and mixed at a slow speed for 60 s to ensure thorough and uniform
blending of the dry components. Next, water, measured according
to the mix ratio, is added to the mixer and stirred at a slow speed
for another 60 s. T e mixing is paused, and any remaining material
adhering to the blade and walls of the pot is scraped down into the
mixer by using a shovel. T e mixture is then stirred for an additional
60 s to achieve uniform consistency. Afer mixing, the modifed
magnesium phosphate cement is ready for use.

Coating steel bar production: Given the rapid setting and
hardening characteristics of magnesium phosphate cement, the
coating process must be executed promptly. First, the prepared
magnesium phosphate cement is introduced into a semi-circular
PVC pipe. T e steel bar is then rotated within the PVC pipe to ensure
a complete and even coating of the magnesium phosphate cement
on its surface. Finally, the mixing pot and PVC pipe are thoroughly
cleaned to remove any residual material.

Coating of steel bars: Due to the rapid setting and hardening
of MPC, the coating process should be performed swifly, with
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the entire operation completed within 5 min. First, the prepared
MPC is placed into a semi-circular PVC pipe, and the steel bar is
rotated within the PVVC pipe to ensure that the surface is uniformly
coated with MPC. T e consistent fowability of the slurry ensures
a uniform coating thickness of approximately 1 mm. Te coated
steel bars are then cured under indoor air conditions (25°C *
2°C, RH 70% = 5%). Finally, the mixing bowl and PVC pipe are
thoroughly cleaned.

Drawing test piece production: For the preparation of drawing
test pieces for reinforced concrete, use steel bars with a diameter of
10 mm and a length of 500 mm, and pour concrete into molds to
create cubes measuring 150 mm x 150 mm x 150 mm. Insert one
end of the steel bar into the mold to a depth of 100 mm, with the
other end extending 250 mm, and set the protective layer thickness
to 75 mm. To minimize experimental errors, place a PVC pipe of
50 mm length at each end of the steel bar. Te efective bonding
length between the steel bar and concrete is set to 5d (where d is
the diameter of the steel bar; thus, 5 d equals 50 mm). T e specifc
mold is depicted in Figure 1. First, apply a release agent to the inside
of the plastic mold. Next, accurately weigh the required amounts of
cement, aggregate, and sand according to the mix ratio, and combine
them in the concrete mixing pot. Perform a dry mix for 90 s to ensure
uniform distribution of the dry materials. Add the measured water,
and mix until the concrete achieves the desired fow and consistency.
Pour the mixed concrete into the pre-oiled plastic mold, position
the mold in the center of a shaking table, and use a scraper to
remove excess concrete while vibrating the mold to ensure proper
compaction.

2.4 Experimental method

Te central drawing test device used a WAW-1000A
microcomputer controlled electro-hydraulic servo universal testing
machine to load the specimen and customized the drawing fxture
with matching size according to the specifcations of the loading
device. Before loading, the specimen was passed through the
drawing fxture, the upper end of the loading test machine tightened
the fxture, and the lower end of the clamping steel bar loading
device is shown in Figure 2 below. Te loading mode was set as
displacement loading, and a dial gage was fxed at the free end of the
reinforced concrete specimen to test the relative slip between the
reinforcement and concrete. During the experiment, when the free
slip end exceeds the specifed value, the concrete cracks or the steel
bar is pulled apart, the loading is stopped and the load and the dial
indicator are recorded at this time, and then the loading of the next
specimen is continued.

Scanning electron microscopy (SEM) was used to analyze the
magnesium phosphate cement modifed with diferent amounts
of sludge and to explain the infuence on the adhesive properties
at the microscopic level. Te EDS point spraying method
was used to analyze the chemical element composition of the
modifed magnesium phosphate cement and to explain the efect
of the modifed magnesium phosphate cement with diferent
amounts of sludge.
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TABLE 2 Chemical composition of sludge (%).

5.03 20.58 3.38 63.32 2.01 2.06 0.68 1.76

TABLE 4 Design of the mixing ratio of sludge-modifed magnesium phosphate cement.

Number MgO (%) Sludge (%) Water cement ratio MgO + sludge/KH,PO,
MS-0 100 0 0.23
Ms-5 95 5 0.235
MS$-10 90 10 0.24
MSs-15 85 15 0.25 25
MS$-20 80 20 0.26
MS-25 75 25 0.27
MS-30 70 30 0.275

TABLE 5 Concrete mix design (kg/m?®).
Cement Pebble ‘ Sand
500 750 900 200
FIGURE 2
Experimental loading.
FIGURE 1
Specimen mold.
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FIGURE 3
Center pull-out failure.

3 Results and discussion
3.1 Failure mode

During the experimental loading, all 24 pull-out specimens of
circular steel bars exhibited central pull-out failure, as illustrated in
Figure 3. Tis indicates that there was a slip between the steel bars
and the concrete, and the PVC pipes at both ends of the steel bars
also experienced some degree of slip. Tis failure mode suggests
that the friction force between the steel bars and the concrete was
insufcient to overcome the applied tensile stress, leading to the
direct pull-out of the steel bars due to low bond strength. For
the 24 ribbed steel bar pull-out specimens, those with a coating
on the surface also displayed central pull-out failure. However,
the specimens with uncoated surfaces exhibited splitting failure,
primarily due to the high mechanical bite force between the ribs
of the ribbed steel bars and the concrete. T'is high bond strength
between the steel bars and concrete is maintained until the tensile
stress of the concrete exceeds its tensile and cracking strength,
resulting in splitting failure. When the surface of the ribbed steel
bars is coated, the mechanical bite force between the ribs and the
steel bars is disrupted. In all groups, there was no evidence of
peeling or detachment between the magnesium phosphate cement
coating and the steel bars, indicating that the bond strength between
the magnesium phosphate cement and the steel bars is robust.
Tis suggests that the coating adheres well to the steel bar surface,
providing efective protection (Yang et al., 2002; Li et al., 2021).

3.2 Bond strength

Since the central drawing test was used for test loading in
all experiments and the length of the bonding section between
reinforcement and concrete was small, the bonding stress between
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FIGURE 4
Bond strength of the round steel bar.

the reinforcement and concrete was approximately regarded as
uniformly distributed, and the following Formula 1-1 was used to
calculate the bonding stress. T e labels MS-0, MS-5, MS-10, MS-15,
MS-20, MS-25, and MS-30 represent the sludge contents of 0, 5%,
10%, 15%, 20%, 25%, and 30%, respectively.

'[ = i
ndl’
In the above formula, T represents the calculated bond stress, and the
unit is MPa.
P represents the measured drawing force, and the unit is N.
d represents the diameter of the coated steel bar, expressed in
mm.
l'is the length of the efective bonding section, expressed in mm.
Te bond strength of modifed magnesium phosphate cement
with varying sludge contents, applied to smooth round steel bars, is
illustrated in Figure 4. Without the magnesium phosphate cement
coating, the bond strength of the smooth round steel bar is the
lowest, at 2.53 MPa. With the addition of sludge at 0%, 5%, 10%,
15%, 20%, 25%, and 30%, the bond strengths increased to 3.13 MPa,
3.56 MPa, 3.71 MPa, 3.81 MPa, 3.73 MPa, 3.76 MPa, and 3.52 MPa,
respectively. T e corresponding bond strength increases were 23.7%,
40.7%, 46.6%, 50.6%, 47.4%, 48.6%, and 39.1%, respectively. T ese
data indicate that the inclusion of sludge signifcantly enhances
the bond strength between the modifed magnesium phosphate
cement-coated steel bars and concrete, with the optimal bond
performance achieved at a sludge content of 15%. However, further
increases in sludge content have a diminishing efect on bond
performance. Te observed improvement in bond strength with
the magnesium phosphate cement coating is primarily due to the
increased friction force between the smooth steel bars and the
concrete, which is related to the roughness of the contact surface. Te
coating introduces surface irregularities and pores, which enhance
bond strength. Additionally, research by Tang Hao supports these
fndings, highlighting that magnesium phosphate cement exhibits
strong adhesive properties with steel bars and forms a dense bonding
layer on the steel surface, further contributing to the increased bond
strength observed with the coating (Tang et al., 2020).
Te bond strength of modifed magnesium phosphate cement
applied to ribbed steel bars with varying sludge contents is depicted
in Figure 5. Te data clearly show that the bond strength behavior

()
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FIGURE 5
Bond strength of the ribbed steel bar.

of ribbed steel bars is opposite to that of smooth round steel
bars. For ribbed steel bars without coating, the bond strength
is the highest at 21.83 MPa. As sludge is added, the bond
strength of the ribbed steel bars gradually decreases. Specifcally,
with sludge contents of 0%, 5%, 10%, 15%, 20%, 25%, and
30%, the bond strengths are 17.35 MPa, 16.17 MPa, 16.09 MPa,
14.88 MPa, 13.37 MPa, 12.96 MPa, and 11.78 MPa, respectively.
Te reductions in bond strength are 20.5%, 25.9%, 26.3%, 31.8%,
38.8%, 40.6%, and 46.0%, respectively. Te signifcant reduction
in the bond strength of coated ribbed steel bars is attributed
to the disruption of the mechanical biting force between the
ribs and the concrete. In uncoated ribbed steel bars, the bond
strength is primarily supported by this mechanical biting force.
However, when the modifed magnesium phosphate cement coating
is applied, it interferes with the biting force, leading to a reliance on
friction force and the diminished mechanical bite force, ultimately
reducing the overall bond strength (Mathern and Yang, 2021,
Chenetal., 2023).

Comparing the two types of steel bars reveals that the adhesive
properties of smooth round steel bars improve with the application
of modifed magnesium phosphate cement coating. Conversely, the
adhesive properties of ribbed steel bars decrease with the same
coating. Tis diference is primarily related to the nature of the
bond between each type of steel bar and the concrete. While
coating ribbed steel bars in engineering applications can enhance
their corrosion protection, it may also lead to a reduction in bond
strength. T erefore, a careful evaluation and analysis are necessary
to balance the benefts of improved corrosion resistance with the
potential decrease in bond strength during application.

3.3 Slippage

Figure 6 illustrates the slippage of smooth round steel bars
coated with modifed magnesium phosphate cement containing
varying sludge contents. For smooth round steel bars, the bond stress
between the steel bar and the concrete is primarily provided by
friction force. T e data show that the slip amount for uncoated steel
bars is the largest, reaching 0.54 mm. When modifed magnesium
phosphate cement is applied, the slip amount decreases signifcantly.
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FIGURE 6
Slip of the round steel bar.

FIGURE 7
Slip of the ribbed steel bar.

Specifcally, for sludge contents of 0%, 5%, 10%, 15%, 20%, 25%, and
30%, the slip amounts are 0.27 mm, 0.28 mm, 0.31 mm, 0.26 mm,
0.29 mm, 0.33 mm, and 0.32 mm, respectively. Analysis of the
diferent sludge contents indicates that there is minimal variation
in the slip amount across the diferent groups, suggesting that
the sludge content has little impact on the slip of the modifed
magnesium phosphate cement-coated round steel bars. During
the test loading process, there is no signifcant slip observed in
the initial stages; however, as loading progresses, the uncoated
group experiences substantial slip due to inadequate bonding force
between the steel bar and the concrete. Coating the steel bar surface
improves the roughness of the contact surface, thereby reducing slip
when the maximum load is reached. Overall, applying a modifed
magnesium phosphate cement coating to the surface of smooth
round steel bars efectively enhances the bond strength between the
steel bar and concrete, reducing relative slip. T is treatment not only
improves the corrosion resistance of the steel bars but also increases
the bond strength with the concrete (Xiang and Yang, 2023; He and
Lu, 2024a).

Figure 7 illustrates the slippage of ribbed steel bars coated
with modifed magnesium phosphate cement containing various
sludge contents. For ribbed steel bars, the bond stress is primarily
provided by the mechanical biting force between the ribs and the
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FIGURE 8
SEM images of MPC modifed by sludge (A) 0%; (B) 15%; and (C) 30%.

FIGURE 9
EDS test (A) test area and (B) elemental analysis.

concrete. Te slip amount for the uncoated group is 1.74 mm.
With the application of modifed magnesium phosphate cement
coating, the slip amount decreases to some extent. Specifcally, with
sludge contents of 0%, 5%, 10%, 15%, 20%, 25%, and 30%, the
slip amounts are 0.91 mm, 1.06 mm, 0.89 mm, 0.88 mm, 0.96 mm,
1.01 mm, and 0.97 mm, respectively. Te sludge content has a
minimal efect on the slippage of ribbed steel bars, similar to the
trend observed with smooth round steel bars. Ribbed steel bars,
due to their threaded surface, generate signifcant mechanical biting
force with the concrete. However, when the surface of the steel bars
is coated, the uniform coating reduces the mechanical biting force
between the coated steel bars and the concrete, which diminishes
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the bond performance and decreases slip amount. Consequently,
the slip amount is reduced when the maximum load is reached
(He et al., 2024; He and Lu, 2024b).

When smooth round and ribbed steel bars are uncoated, the
slip amount of the smooth round steel bar is relatively small. Tis
is due to the lower bond strength between the smooth round steel
bar and the concrete, resulting in minimal slip when the loading
process reaches its maximum load. Afer coating, the slippage
of both types of steel bars decreases, indicating that the coating
efectively reduces the relative slippage between the steel bars and the
concrete. T is reduction in slip contributes to improved structural
stability.
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3.4 Microanalysis

Figure 8 displays SEM images of modifed magnesium phosphate
cement with varying sludge contents. T e images reveal that struvite,
the primary hydration product of magnesium phosphate cement,
predominantly exhibits a sheet-like structure. Te overall structure
consists of a spatial arrangement formed by magnesium oxide and
struvite, which has not undergone further hydration. Comparison of
SEM imagesacross diferentsludge contents shows that pure magnesium
phosphate cement has notable voids and large pores. At a sludge content
of 15%, the overall compaction of the structure signifcantly improves.
However, as the sludge content increases to 30%, the amount of struvite
decreases, and some voids and pores become evident. T is phenomenon
is primarily due to the fact that the main component of sludge is inactive
quartz (SiO;), and the sludge particles are small. On one hand, the
inactive sludge can adhere fully to the surface of magnesium oxide,
extending the time the water remains in contact with the material,
which enhances the hydration reaction. Tis leads to the formation of
more guanolite, increasing the density and reducing porosity. On the
other hand, the small particle size of the sludge allows it to function as
an inactive fller material, Flling gaps between struvite and magnesium
oxide. Tis increases the overall density of the structure and further
reduces porosity. However, when the sludge content is too much, it will
replace part of the amount of magnesium oxide, resulting in insucient
reaction material and a reduction in theamount of struvite asa hydration
product. T rough SEM analysis, it is explained that the bond strength
of the smooth round steel bar reaches the maximum when the sludge
content is 15%, but decreases when the sludge content is 30%.

Figure 9 presents the correlation analysis of modifed magnesium
phosphate cement with 30% sludge content, conducted via EDS point
scanning. Te analysis reveals that as the sludge content increases,
the proportion of silicon (Si) in the cement matrix increases. T is
is attributed to the high SiO, content in the sludge, which causes a
decrease in the magnesium-to-phosphorus (Mg/P) ratio. Afer 7 days
of curing, the Si content in region 1 of the sample with 30% sludge is
18.46%. Tis indicates that excessive sludge can displace magnesium
oxide, leading to an insufcient amount of magnesium oxide and
resulting in inadequate hydration reactions. Consequently, there is a
reduced formation of struvite, leading to a less complete structure with
numerous pores and cracks. Additionally, the excess sludge negatively
impacts structural densifcation and reduces the bond strength of the
smooth round steel bars.

4 Conclusion

(1) Teprimary failure mode of the reinforced concrete specimens
is reinforcement pull-out failure, with some groups exhibiting
concrete splitting failure. Tis occurs mainly because the
friction between the circular steel bars (both coated and
uncoated) and the concrete is insufcient to overcome the
applied tensile stress, leading to pull-out failure. However,
ribbed steel bars experience splitting failure due to the high
mechanical interlock force between the ribs and the concrete.
Based on the bond strength analysis of each group, the bond
strength of smooth round steel bars improves afer coating,
primarily due to the increased roughness of the contact surface,
which enhances friction and bond strength. In contrast,

@
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coating ribbed steel bars reduces their bond strength, as the
coating disrupts the mechanical interlock between the ribs and
the concrete, weakening the bond.

Analysis of the slip amounts for each group shows that applying
a modifed coating to the steel bar surface reduces slippage to
some extent. However, the sludge content generally has little
impact on slip amounts, as the coating alters the friction and
mechanical interlock between the steel bar and concrete, which
in turn afects slippage.

According to SEM/EDS microscopic analysis, the main
components of magnesium phosphate cement are magnesium
oxide and struvite. Te addition of sludge acts as a fller,
reducing porosity and increasing the densifcation of the
cement. However, excessive sludge can introduce cracks
and voids. EDS spectrum analysis indicates that as sludge
content increases, the proportion of silicon (Si) also increases,
which leads to reduced magnesium oxide content and an
incomplete hydration reaction, resulting in insu#cient struvite
formation.
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