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Abstract: Half-grouted sleeve connectors are a primary method for connecting rebar in prefabricated
concrete structures. However, due to limitations in the construction environment, all kinds of grouting
defects are inevitable, especially grouting voids. Additionally, fire disasters, among the most common
types of disasters, significantly threaten the structural performance and safety of these prefabricated
structures. Therefore, it is imperative to determine the mechanical properties of half-grouted sleeve
connectors with grouting voids after high temperatures. This study designed and prepared 48 groups
of half-grouted sleeve specimens with different grouting voids and defect locations. These specimens
were heated to the specified temperature (25 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C), followed
by unidirectional tensile testing after natural cooling. The experimental results showed that rebar
fracture failure and rebar pulled-out failure were the failure modes of specimens. With the increase
in temperature, bearing capacity, safety factor and ductility coefficient of specimens all decreased.
When the temperature was lower than 400 ◦C, the specimen with void length less than twice the
diameter of the rebar (i.e., 2d) had sufficient connection performance. For specimens with the same
total void lengths, the bearing capacity of discrete voids is lower than concentrate voids at the same
temperature. The load-displacement curve, safety coefficient, ductility coefficient and grey correlation
degree of half-grouted sleeve specimens with grouting voids at different temperatures are analyzed
and discussed, and the bond stress slip constitutive model is given. Grouting defects have greater
influence on specimens after grey correlation analysis. Findings from this study provide valuable
references for the safety performance evaluation of prefabricated structures with half-grouted sleeve
connectors after exposure to fire.

Keywords: prefabricated structure; half-grouted sleeve connectors; fire; grouting defects; mechanical
properties

1. Introduction

Prefabricated concrete structures offer significant advantages over cast-in-place con-
crete structures, including energy savings, environmental protection, shorter construction
periods and lower engineering costs. Currently, the safety of prefabricated concrete struc-
tures relies on the performance of their joints [1,2]. The grouted sleeve serves as the primary
connection method for prefabricated components and can be classified into two types:
half-grouted sleeve and full-grouted sleeve. In the half-grouted sleeve, one end is con-
nected to the rebar using threads, while the other end is inserted into the inner cavity
and secured through the injection of high-strength grout [3]. This connection method is
primarily utilized in shear walls and precast reinforced concrete structures, as depicted in
Figure 1.
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forced concrete columns, precast reinforced concrete composite columns connected by 
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resisting the shear deformation of prefabricated columns, thus ensuring optimal connec-

tion performance [5]. It is installed within precast members and subsequently filled with 

grout on-site, allowing for construction without cast-in-place concrete while maintaining 

the integrity of the precast structures. However, due to material and manufacturing rea-

sons, the construction of the full grouting sleeve is very complex, and joint defects are 

prone to occur in the construction process. Insufficient filling of sleeve grouting is one of

the common typical defects in these connections, which will seriously affect the mechani-

cal properties of joints, such as grout leakage, eccentricity of reinforcement, incomplete 

filling of grouting and peeling of grouting from connecting members [6]. In addition, fire 

is one of the most important hazards in prefabricated buildings and may occur during 

their service life. For prefabricated buildings in earthquake zones, not only should they

meet fire-resistance requirements, but also consider seismic resistance requirements after

a fire occurs. Otherwise, the building must be repaired or demolished for reconstruction 

Figure 1. Precast reinforced concrete wall panels connected by half-grouted sleeve.

However, various types of grouting defects can arise from debris entering the con-
struction site, inadequate air ventilation and worker errors during operations, as shown
in Figure 2. These defects can substantially impair the mechanical properties of the half-
grouted sleeve, thereby compromising the overall structural stability. In recent years, the
incidence of fires has been increasing due to urbanization and the rise in prefabricated
construction density. Consequently, there is an urgent need to investigate the perfor-
mance of half-grouted sleeves with grouting defects after a fire, a topic that has garnered
scholarly attention.
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Figure 2. Defect types.

The half-grouted sleeve connection is a simple and versatile method with excellent
mechanical properties for effective force transmission. Compared to cast-in-place rein-
forced concrete columns, precast reinforced concrete composite columns connected by
half-grouted sleeves exhibit superior performance [4]. The grouted sleeve is capable of
resisting the shear deformation of prefabricated columns, thus ensuring optimal connection
performance [5]. It is installed within precast members and subsequently filled with grout
on-site, allowing for construction without cast-in-place concrete while maintaining the
integrity of the precast structures. However, due to material and manufacturing reasons,
the construction of the full grouting sleeve is very complex, and joint defects are prone
to occur in the construction process. Insufficient filling of sleeve grouting is one of the
common typical defects in these connections, which will seriously affect the mechanical
properties of joints, such as grout leakage, eccentricity of reinforcement, incomplete filling
of grouting and peeling of grouting from connecting members [6]. In addition, fire is
one of the most important hazards in prefabricated buildings and may occur during their
service life. For prefabricated buildings in earthquake zones, not only should they meet
fire-resistance requirements, but also consider seismic resistance requirements after a fire
occurs. Otherwise, the building must be repaired or demolished for reconstruction after
a fire occurs [7]. Compared with steel bars, cement-based grouting materials are more
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sensitive to high temperature. High temperature will cause complex physical and chemical
changes in cement-based materials, which will reduce the bonding performance of grouting
casing [8].

The use of half-grouted sleeves has become more widespread in the construction of
prefabricated buildings due to their convenience. Consequently, numerous scholars have
shown a strong interest in studying the properties of half-grouted sleeves under normal
temperature conditions. When considering the factors involved in sleeve construction,
particularly in the case of a defect-free half-grouted sleeve specimen. The primary factors
that significantly affect its properties include:

(1) Sleeve factors: the material from which the sleeve is made can significantly impact
its properties. Different materials have varying strength, durability, and resistance to
corrosion, which can affect the overall structural integrity of the sleeve. The structural
design of the sleeve, including its shape and configuration, can affect its load-bearing
capacity and resistance to deformation. The reduction of inner rib spacing can improve
the bearing capacity of the sleeve up to a certain extent. However, there is a limit
beyond which further reduction in spacing may not provide significant benefits. The
thickness of the sleeve walls can influence its strength and stiffness. Thicker sleeves
generally have higher load-bearing capacity. The sleeve inner diameter of the sleeve
determines the size and type of rebars that can be accommodated. It can also affect
the flow and compaction of grout within the sleeve [9].

(2) Rebar factors: the diameter of the rebars used in the half-grouted sleeve can impact its
dynamic loading performance and ductility. Larger diameter bars generally enhance
the ductility of the grouted sleeve [10,11]. The anchorage length of rebar embedded
within the sleeve affects its bonding strength with the grout. Longer anchorage lengths
generally contribute to higher ultimate bearing capacity. The displacement or offset
of rebar within the sleeve can influence the properties of the half-grouted sleeve [12].
Huang et al. [10] investigated that rebar offsets up to 6 mm may have negligible effects
on the sleeve’s properties.

(3) Grout factors: the strength of the grout used to fill the half-grouted sleeve is an impor-
tant factor for optimizing its properties. Higher grout strength contributes to increased
load-bearing capacity and overall performance. The level of compaction achieved
during the grouting process affects the failure mode of the grouted sleeve under
loading [13]. Proper compaction helps ensure better load transfer and overall stability.
The water-binder ratio in the grout is crucial, especially for large-diameter sleeve con-
nections. Strict control of the water-binder ratio is necessary to maintain the desired
strength and performance of the half-grouted sleeve [14]. These factors demonstrate
the complexity of designing and optimizing the properties of half-grouted sleeves in
prefabricated buildings. Studying and understanding these factors can help ensure
the safe and efficient use of such construction methods.

In addition, the half-grouted sleeve can cause various grouting defects at the construc-
tion site. The construction error will produce an offset effect on two kinds of parameters
of the sleeve [10]. The internal structure of the sleeve, key parameters such as diameter
and material have a great impact on the material strength [15]. When making test pieces,
proper compaction of the material helps to ensure better load transfer and overall stability.
The water-binder ratio in grouting is very important, especially for large-diameter sleeve
connection [14]. Previous studies have examined the impact of end, middle and horizontal
defects on grouted sleeves at normal temperatures. The presence of defects results in a
reduced rebar anchorage length, which subsequently reduces the properties of the grouted
sleeve [16].

Relatively speaking, the degree of insufficient grouting defect significantly affects
the failure mode and properties of the half-grouted sleeve [17]. The influence of defects
varies for different types of grouting defects, with the middle defect having a more signif-
icant impact than the end defect [18]. Discrete defects have lower bearing capacity than
concentrated defects, and the performance of the half-grouted sleeve deteriorates as the
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quantity and thickness of defects increase [19]. Xie et al. [20] investigated a half-grouted
sleeve connector capable of detecting and repairing defects. The mechanical properties of
the repaired half-grouted sleeve were found to be essentially consistent with those of the
defect-free specimen. The research under normal temperature has demonstrated that the
diversity of influencing factors and the presence of defects weaken the properties of the
half-grouted sleeve. This study lays a foundation for research at high temperatures.

Fire damage to buildings poses a serious threat to human life safety, making it imper-
ative to enhance the fire resistance of prefabricated components. Previous studies have
investigated the performance of grouted sleeve connectors under varying temperatures.
Firstly, temperature noticeably affects the strength of grout. As the duration of exposure to
high temperatures increases, the compressive and flexural tensile strength of grout dimin-
ishes [21]. Secondly, when considering half-grouted sleeves without grouting defects, the
bearing capacity of the test specimens decreases with rising temperatures. Moreover, rebar
bond length sufficient at normal temperature or low temperature may not be sufficient
at high temperature [22]. Considering the influence of taking into account the effects of
anchorage length and cooling methods, Zhu et al. [23] found that an anchoring length
of 110 mm is optimal at temperatures below 400 ◦C. However, at temperatures of 400 ◦C
and above, increasing the anchorage length effectively improves the ultimate bearing
capacity of half-grouted sleeves. Another study by Zhang et al. [24] demonstrated that
the tensile properties of half-grouted sleeve connections are significantly affected by the
cooling method after a fire. Natural cooling is sufficient for maintaining the bond length,
whereas water cooling falls short. The loading mode greatly influences the yield strain of
the specimen when full-grouted sleeves are subjected to different loading mechanisms after
high temperature. A temperature of 400 ◦C marks the point at which the full-grouted sleeve
failure mode transitions under cyclic load. At 600 ◦C, none of the specimens can withstand
cyclic loading [25–27]. However, there are few studies on the steering temperature of
half-grouted sleeve failure mode after high temperature. In practical applications, grouted
sleeves are typically encased in concrete. Consequently, Zhang et al. [28] revealed that the
mechanical properties of half-grouted sleeve specimens with a concrete protective layer are
less affected by high temperatures compared to those without a protective layer.

However, current research primarily focuses on the properties of fully grouted half-
sleeves at high temperatures. Insufficient research has been conducted on the mechanical
properties of half-grouted sleeve connectors with grouting defects after exposure to high
temperatures. Furthermore, the critical temperature that significantly affects the properties
of half-grouted sleeve connectors remains unestablished in existing studies. Therefore, it is
necessary to study the effects of defects and temperature on the properties of half-grouted
sleeves connectors.

In order to further understand the safety and reliability of half-grouted sleeve connec-
tors with grouting defects after fire, 144 half-grouted sleeve connectors were tested under
simulated high temperature fire on the basis of considering the effects of temperature and
defect types. The specimens were heated at high temperature and cooled naturally. The
uniaxial tensile test was carried out on the cooled specimens to observe the failure mode
of the half-grouted sleeve after the test. The load-displacement curve, safety coefficient,
ductility coefficient and grey correlation degree of the half-grouted sleeve specimens with
grouting defects at different temperatures were analyzed and discussed, and the bond stress
slip constitutive model was given, in order to study the experimental data and provide
the basis for further improving the fire resistance of the connection joints of prefabricated
components, so as to provide some relevant reference opinions for the safety of fabricated
structures after high-temperature fire disaster.

2. Materials and Methods
2.1. Specimens Design

A total of 48 groups of specimens with half-grouted sleeves were designed and pre-
pared to simulate various potential defects encountered in real engineering construction



Buildings 2024, 14, 1434 5 of 32

projects. Each group comprised three specimens, and the grouting defect types encom-
passed end defects, middle defects, eccentric defects, middle and end defects. Temperatures
included 25 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C.

In the actual construction process, due to problems such as nonstandard operation,
the sealing was not tight during grouting, the end of the sleeve was hollowed out, slurry
leakage occurred on site and end defects were formed in the sleeve. During the grouting
process, there were foreign materials in the sleeve, which could not discharge the slurry
normally, so the air in the sleeve could not be completely eliminated. When the workers
poured the slurry from the slurry outlet, the compressed gas of the grouting material could
not flow normally, and then the grouting defect was formed in the middle of the sleeve.
During the assembly of the sleeve test piece, the reinforcement was not placed and adjusted
in place, and the reinforcement deviated from the center of the sleeve during grouting,
resulting in eccentric defect of the reinforcement.

The GT14-BM group served as the control group, exhibiting no defects. The GT14-DB
group represented an end defect. The presence of debris in the sleeve cavity in the GT14-ZB
group easily caused defects in the middle of the grouted sleeve during grouting. The
GT14-ZD group experienced a combination of the above-mentioned defects, leading to the
occurrence of both middle and end defects. In the GT14-PX group, the grouted sleeves
of the upper components were misaligned with the rebar from the lower components,
causing a deviation of the anchorage end rebar from the center of the sleeve. d represents
the diameter of the rebar.

The above-mentioned defects are replaced by foam glue, which mainly simulates
the expansion deformation of reinforcement. The simulation figures are also shown in
the following table. The foam glue offers benefits such as resistance to compression and
deformation, making it a suitable replacement for the presence of defects. A 5 mm layer of
foam glue was employed to accurately simulate the grouting defect (see Figure 3). Details
of the specimens are presented in Table 1. The surface of the foam glue is labeled in Chinese,
indicating that the material has high strength adhesion.
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Table 1. Cont.

Types Temperature/◦C Construction
Defect

Defect
Length Number Schematic Diagram

GT14-DB-1d 25/200/300/
400/500/600 End defect 1d

(14 mm) 18
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2.2. Materials

The grouted end and threaded end of the test piece are reinforced with ribbed bars with
a diameter of 14 mm and a strength grade of HRB400, and the high-strength non-shrinkage
grouting material produced by Shandong Haoxiang Engineering Material Technology
Co., Ltd (Zibo City, China) is used in this test. The grouting material is a cement-based dry
mixed material premixed with cement, fine aggregate and a variety of concrete admixtures.
It has the advantages of low viscosity, good fluidity, high strength, micro expansion and
non-shrinkage, and conforms to the current JG/T408-2019 [29].
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A high-quality alloy steel half-grouted sleeve was employed, meeting the standards
outlined in JGJ 107-2016 [30]. The profile of the sleeve is shown in Figure 4, and specific
parameters are shown in Table 2.
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Table 2. Half-grouted sleeve parameters.

Serial Number L/mm L1/mm L2/mm D1/mm D2/mm d1/mm d2/mm d3/mm t/mm

GT JB414/14 160 23 137 29 35 11 15 14 3

The threaded connection end adopts straight thread connection. By determining the
length of the rebar at the threaded end, the rebar is clamped by the rebar rolling machine
and thread rolling is carried out.

The grout comprises high-strength fine aggregate, cement and various additives. The
fluidity test results of grout met the requirements imposed by GB/T 2419-2005 [31].

Six groups of 40 mm × 40 mm × 160 mm test blocks were made for test mechanical
properties of grout according to the method of GBT 50448-2015 [32]. Each group consisted
of three blocks, as seen in Figure 5. The blocks were subjected to 28 days curing period
under the same conditions as the specimens. Additionally, the blocks in the high temper-
ature group underwent heating and cooling alongside the specimens. The test results of
compressive and flexural tensile strength tests on the blocks are presented in Table 3. The
grout properties satisfied the minimum requirements. It can be seen that the compressive
and flexural tensile strength of grout decreases as the temperature increases, indicating a
significant impact of temperature on these strength properties.
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Table 3. Mechanical properties of grout.

Temperature/◦C Average Flexural Tensile
Strength/MPa

Average Compressive
Strength/MPa Reduction Factor

25 11.75 87.3 100%
200 10.35 77.9 89.2%
300 7.34 74.4 85.8%
400 5.60 66.8 76.6%
500 4.11 63.3 72.5%
600 3.73 46.7 53.5%

The HRB400 grade rebars with a diameter of 14 mm were adopted in the specimens
of both ends. Rebars subjected to high temperature were treated alongside the specimens.
The test results of rebars subjected to high temperature met the minimum requirements
imposed by GB/T 228.1-2021 (Table 4) [33].
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Table 4. Mechanical properties of rebar at different temperatures.

Temperature/◦C Yield Strength/MPa Tensile Strength/MPa

25 445 610
200 455 613
300 435 610
400 450 600
500 435 610
600 435 580

2.3. Fabrication Procedure

In the construction of precast concrete, first insert the rebar thread at the threaded
end into the threaded end of the sleeve. Grouting holes and vent holes are connected with
corrugated hoses and extend to the panel surface for subsequent grouting. Reinforcement
and sleeves are then cast into precast concrete members. When the reinforcement pro-
truding from another member is inserted into the sleeve on the upper plate, the grouting
pump injects the grouting into the sleeve through the grouting hole. If grout flows out of
the vent hole, stop grouting and assume that the sleeve is completely filled with grouting
material. All specimens were grouted separately. The anchorage length of the grouting
end is 120 mm (≥8d, not less than 8 times the diameter of the steel bar). All half-grouted
sleeves are fixed to custom wood frames. The reinforcement at the grouting end shall be
vertically inserted into the sleeve cavity and fixed with adhesive tape to prevent sliding.
After grouting, the test piece shall be placed under standard curing conditions for 28 days.
The experimental process is shown in Figure 5.

2.4. Test Setup and Loading Pattern
2.4.1. Heating Scheme

After the curing process, the specimens were heated at different high temperatures
in a high-temperature electric furnace (Figure 5). The dimensions of the furnace were
1200 mm × 600 mm × 600 mm. A heating rate of 10 ◦C per minute was employed, and
upon reaching the specified high temperature, the temperature was maintained for 2 h
to ensure the specimens were uniformly heated. The heating curves for this process are
depicted in Figure 5.

After the test piece reaches the constant temperature time, it shall be taken out of
the furnace immediately and exposed to room temperature, allowing it to be slow and
natural. During natural cooling, the test piece shall be taken out of the furnace immediately
after reaching the constant temperature time and exposed to room temperature for slow
natural cooling.

The time required for natural cooling at different levels of high temperature varies
from 100 min to 250 min. Taking the cooling process at 600 ◦C as an example, it takes
250 min for the specimen to cool naturally. It is worth noting that the cooling speed can be
greatly improved by using water spray cooling. Specifically, the cooling can be completed
100 min in advance by using water spray cooling at 600 ◦C high temperature, but there will
be obvious spalling outside the sleeve, which cannot achieve the same normal specimen
state as natural cooling.

After natural cooling, the specimens were subjected to a uniaxial tensile experiment.

2.4.2. Loading Scheme

The electronic hydraulic universal machine was used in this experiment, and the
maximum pulling force was 600 KN (see Figure 5). The entire test and measurement
were conducted using displacement control. Because most of the half-grouted sleeve
specimens experienced high temperature and cooled naturally to room temperature in the
test, the strength of the grouting material in the specimen is reduced and the bond slip
between the reinforcement and the grouting material may fail due to the influence of high
temperature. It is dangerous to control the loading rate of unidirectional tension by force,
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so the displacement loading method is adopted in this test. According to JGJ355-2015 [34],
the loading rate was 5 mm/min, and the experiment was terminated when the specimens
were damaged. An extensometer was used to measure the slip of the specimen, which
was fixed on the specimens with adhesive tape. The linear deformation between the upper
and lower points of the member is calculated via an extensometer and recorded as the slip
value, which provides data support for the subsequent establishment of constitutive model
and slip curve.

3. Results Analysis and Discussion
3.1. Failure Modes

The changes in sleeve appearance resulting from heating to specific high temperatures
and subsequent cooling to normal temperature are illustrated in Figure 6. Below 200 ◦C, no
significant alterations were observed. However, at temperatures above 300 ◦C, the surface
of the sleeve changed from black to reddish brown, which is similar to rust, and it can be
seen that some sleeves have peeling phenomena. At the intersection of grouting material
and steel reinforcement, the grouting material on the side of the grouting end port peels
off, and a small amount of grouting material powder adheres to the transverse ribs of
the steel reinforcement. At 600 ◦C, the whole surface of the grouting sleeve shows a very
obvious dark red. The grouting sleeve test piece was observed from the anchorage end.
Under the influence of high temperature, the grouting material at the anchorage end of the
sleeve reinforcement began to turn white and the surface began to develop fine lines after
400 ◦C high temperature. At 600 ◦C, the fine lines on the surface of the grouting material
increase significantly.
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Figure 6. Sleeve color change.

The above phenomena are analyzed from the perspective of materials science. The
main reasons for its performance are as follows: the high temperature environment leads
to the oxidation reaction of the material on the sleeve surface, which changes the surface
color. In addition, the fire caused serious thermal stress on the surface of the sleeve, and
was affected by thermal expansion, resulting in changes in the microstructure of the surface
material, which led to changes in surface color and spalling.

The uniaxial tensile test of 144 half-grouted sleeve specimens showed that there were
three failure modes: steel bar tensile failure, steel bar pull-out failure and steel bar sliding
wire pull-out at the threaded end. The steel bar tensile failure occurred at the threaded end
or grouting anchorage end, which was random. The reason for the different failure modes
is that the bonding force between the grouting material and the reinforcement is greater
than the ultimate strength of the reinforcement at room temperature, which shows that the
reinforcement is pulled apart in the pulling process. With the increase in temperature, the
bonding force decreases, and the ultimate strength of the reinforcement is greater than the
bonding force, which shows that the reinforcement is pulled out. As shown in Figure 7, the
tensile failure of the reinforcement occurs randomly at the threaded end and the anchorage
end, and the reinforcement at the tensile failure has an obvious necking phenomenon.
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At room temperature, the failure mode of the half-grouted sleeve specimen in the test
is the tensile failure of the reinforcement and the pull-out failure of the reinforcement. The
control group specimens are all the tensile failure of the reinforcement, and there is obvious
necking at the tensile failure of the reinforcement. The location of tensile failure randomly
appears in the threaded section or the anchorage end of the reinforcement, which has no
specific rule, and may be caused by the stress concentration caused by the thread of the
reinforcement. There is little difference between the failure modes in the temperature range
of 200 ◦C~300 ◦C, and the control group has the phenomenon of steel bar tensile failure
and steel bar pull-out failure. However, most of them are tensile failure of steel bars, which
shows that there is obvious necking at the fracture of steel bars, while the control group
of test pieces with pull-out failure of steel bars may be caused by the non-compaction
of grouting materials during the grouting process. After 400 ◦C high temperature, the
proportion of reinforcement pull-out failure increased, and the control group specimens
with full grouting and the specimens with eccentric defects of reinforcement all appeared
with the reinforcement pull-out failure mode. At the intersection of grouting material
and reinforcement, the grouting material on the side of grouting end port peeled off,
and the transverse rib of reinforcement was stained with a small amount of grouting
material powder, which was due to the slippage between the segment sleeve and the
connecting reinforcement. After the high temperature of 500 ◦C, the failure mode of the
specimens is mostly the steel scraper pull-out failure, in which the control group with full
grouting develops steel bar pull-out failure and steel bar tensile failure. The other defective
specimens were all pulled out of the reinforcement. The failure phenomenon of the steel
bar pull-out test piece is mostly manifested in that the grouting material at the grouting
end side is separated from the sleeve wall, and it is broken as soon as it is touched, and
there are more powdery grouting materials attached to the transverse rib of the pulled-out
steel bar.

In the control group, which consisted of half-grouted sleeves without grouting defects,
a change in failure mode from rebar fracture to rebar pulled-out failure was observed when
the peak temperature reached 600 ◦C. Observe that the grouting material at the grouting end
side has obvious fine cracks, and most of the grouting materials of the test pieces are broken
into rings around the reinforcement. While pulling out the reinforcement, the massive
grouting material is broken and brought out, and will be broken when touched. There
is white powder grouting material on the transverse rib of the pulled-out reinforcement,
and obvious grooves appear on the inner surface of the grouting end side, which is caused
by the gradual pulling out of the reinforcement in the sleeve grouting section during the
necking stage. At the same time, when the anchor bar in the grouting section is pulled
out, brittle failure will not occur, and there is still a certain bond force between the sleeve
and the reinforcement, and the bond force will gradually dissipate in the process of being
pulled out. This indicated that 600 ◦C was the limit state of a reliable half-grouted sleeve
joint. For specimens in the GT14-1/2d group, 400 ◦C was the transition temperatures of
failure mode (see Figure 8). The limit peak temperature of specimens in GT14-DB-2.5d,
GT14-DB-3d, GT14-ZD-2d and GT14-ZB-2d groups was 25 ◦C. At 500 ◦C, the failure mode
for GT14-PX specimens changed from rebar fracture failure to rebar pulled-out failure.
The reason for this transition is that under high temperature, the steel bars and grouting



Buildings 2024, 14, 1434 12 of 32

materials expand. After cooling to room temperature, the steel bars shrink, resulting in
a decrease in their adsorption and friction forces with the grouting material. In addition,
the compressive performance of the grouting material after cooling is affected. During
the tensile process, the bonding surface between the steel bars and grouting materials is
damaged by the transverse ribs of the steel bars, and the bonding strength is reduced to a
certain extent, leading to a decrease in the ductility of the specimen. Deviation of 5 mm
from the sleeve center had minimal influence on the half-grouted sleeves. This meant that
the reliability of the half-grouted sleeve specimen was closely related to the grouting defect
length, defect location and peak temperature.
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3.2. Bearing Capacity Analysis

In order to avoid bond failure and ensure the reliability of the connection, the bond
strength of the half-grouted sleeve should be greater than the ultimate strength of the
reinforcement. When the reinforcement is pulled out, the specimen is not reliable. With the
increase in temperature, the ultimate load and displacement of the full group specimens are
gradually reduced, and the connection performance of the specimens is gradually reduced.
When the temperature exceeds 500 ◦C, the safety performance of the full specimen is
significantly affected. When the temperature reaches 400 ◦C, all specimens with grouting
defects are unreliable. The critical temperature of the half-grouting sleeve with grouting
defects is 400 ◦C. Under the action of high temperature, the reinforcement and grouting
material expand. After cooling to room temperature, the reinforcement retracts, which
reduces the friction resistance and cementation force between the reinforcement and the
slurry, and the performance of the grouting material decreases. During the tensile process,
the bonding surface between the reinforcement and the grouting material is damaged by
the transverse rib of the reinforcement, which reduces its stiffness. For the same type of
end defects, with the increase of temperature and defect length, the yield of the specimen is
more obvious, and the ultimate load decreases gradually. The larger the defect length, the
smaller the total displacement, and the lower the ductility of the specimen.

The load-displacement curves were obtained via a uniaxial tensile test, as shown in
Figure 9. The load was tension, and the displacement is monitored via a universal testing
machine. All specimens were observed in the elastic deformation stage at the initial loading
stage. These curves consist of four stages of elastic, yielding, strengthening and tightening,
which looked similar to the curve of rebars under uniaxial tension. The ultimate load and
yield load are shown in Table 5. The test results of three specimens in each group exhibited
exceptional proximity. Therefore, the average value was utilized for analysis [35,36].
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Table 5. Experimental feature point of different groups.

Number Fy/kN Fu/kN σ/MPa ∆y/mm ∆u/mm Failure Mode

GT14-BM-25 68.47 93.87 610 2.91 84.53 Rebar fracture
GT14-BM-200 67.6 93.7 609 3.12 75.85 Rebar fracture
GT14-BM-300 68.4 93.67 608 3.17 82.14 Rebar fracture
GT14-BM-400 67.9 92.5 601 3.09 76.37 Rebar fracture
GT14-BM-500 67.2 92.02 598 2.56 69.27 Rebar fracture
GT14-BM-600 63.48 81.9 532 3.25 35.83 Rebar pulled-out

GT14-DB-1d-25 67.5 93.3 605 3.19 73.09 Rebar fracture
GT14-DB-1d-200 68.8 92.75 601 3.52 71.42 Rebar fracture
GT14-DB-1d-300 67.07 92.37 600 2.54 60.55 Rebar fracture
GT14-DB-1d-400 67.5 88.26 573 3.21 61.5 Rebar pulled-out
GT14-DB-1d-500 67.64 88.45 575 2.24 42.62 Rebar pulled-out
GT14-DB-1d-600 65.23 81.34 528 2.53 30.74 Rebar pulled-out
GT14-DB-2d-25 67.89 92.3 600 3.09 61.78 Rebar fracture

GT14-DB-2d-200 67.75 92.07 598 2.67 55.43 Rebar fracture
GT14-DB-2d-300 67.2 89.21 580 3.38 53.67 Rebar fracture
GT14-DB-2d-400 66.69 87.86 571 3.09 54.2 Rebar pulled-out
GT14-DB-2d-500 66.7 86.3 561 2.72 40.43 Rebar pulled-out
GT14-DB-2d-600 65.6 79.08 514 3.38 27.64 Rebar pulled-out
GT14-DB-2.5d-25 66.84 92.4 600 2.54 60.8 Rebar pulled-out
GT14-DB-2.5d-200 67.2 90.33 587 3.21 49.45 Rebar pulled-out
GT14-DB-2.5d-300 66.9 90.2 586 2.92 50.34 Rebar pulled-out
GT14-DB-2.5d-400 66.5 85.46 555 2.97 43.6 Rebar pulled-out
GT14-DB-2.5d-500 66.6 79.08 514 3.38 27.64 Rebar pulled-out
GT14-DB-2.5d-600 66.2 75.77 492 2.54 19.71 Rebar pulled-out

GT14-DB-3d-25 66.5 82.86 538 2.87 26.44 Rebar pulled-out
GT14-DB-3d-200 64.53 80.56 523 3.29 23.13 Rebar pulled-out
GT14-DB-3d-300 64 79.3 515 3.21 22.8 Rebar pulled-out
GT14-DB-3d-400 67.34 74.1 481 3.62 17.84 Rebar pulled-out
GT14-DB-3d-500 66.3 70.64 459 3.02 11.45 Rebar pulled-out
GT14-DB-3d-600 / 58.29 379 2.33 4.29 Rebar pulled-out
GT14-ZB-2d-25 67.14 88.9 578 3.29 72.34 Rebar pulled-out
GT14-ZB-2d-200 67.24 88.67 576 3.79 53.95 Rebar pulled-out
GT14-ZB-2d-300 66.4 88.26 573 2.91 40.7 Rebar pulled-out
GT14-ZB-2d-400 67.8 84 546 2.72 36.85 Rebar pulled-out
GT14-ZB-2d-500 67.18 82.19 534 3.22 33.23 Rebar pulled-out
GT14-ZB-2d-600 63.15 68.87 447 1.70 18.61 Rebar pulled-out
GT14-ZD-2d-25 66.4 86.23 560 2.64 35.12 Rebar pulled-out

GT14-ZD-2d-200 66.2 82.59 537 3.11 32.86 Rebar pulled-out
GT14-ZD-2d-300 63.61 83.09 540 3.08 29.56 Rebar pulled-out
GT14-ZD-2d-400 66.19 82.16 534 2.81 27.79 Rebar pulled-out
GT14-ZD-2d-500 64.39 78.76 512 1.95 24.22 Rebar pulled-out
GT14-ZD-2d-600 / 60.4 392 2.68 5.24 Rebar pulled-out

GT14-PX-25 68.16 93.6 608 2.64 77.65 Rebar fracture
GT14-PX-200 67.5 93.1 605 2.91 74.57 Rebar fracture
GT14-PX-300 67.63 92.37 600 2.54 67.67 Rebar fracture
GT14-PX-400 67.79 90.1 585 3.09 66.02 Rebar fracture
GT14-PX-500 69.92 90.08 585 3.01 55.90 Rebar pulled-out
GT14-PX-600 64.3 81.4 529 3.25 28.17 Rebar pulled-out

The influence of temperature and defects on the mechanical properties of half-grouted
sleeves was analyzed using safety factor, ductility factor and grey correlation. The experi-
mental data for different defect groups are presented in Table 5. The data were obtained
through uniaxial tensile testing. Fy represents the yield load, which is the load when the
half-grouted sleeve begins to yield. Fu represents the ultimate load, which is the maximum
load the half-grouted sleeve can bear during the stretching process. σ represents the stress
of the rebar, calculated using σ = Fu

πr2 , where r is the radius of the rebar. ∆y represents the
yield elongation, which is the corresponding displacement value when the half-grouted
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sleeve specimen starts to yield. ∆u represents the ultimate elongation, which is the dis-
placement value corresponding to the ultimate load. The ultimate tensile force and yield
tensile force of each group showed a decreasing trend with increasing temperature and
defect length. However, the yield load remained relatively stable. At 600 ◦C, the ultimate
load of GT14-DB-2d decreased by 14.3%. Among them, the yield load changed little. When
the rebar fracture occurred, the rebar stress in the half-grouted sleeve specimen was similar
to that of a single rebar. The stress in the GT14-DB-1d specimen at 400 ◦C was 95% of
that in a single rebar. The ultimate tensile force and yield tensile force of the half-grouted
sleeve were consistently lower than those of a single rebar when the failure mode was rebar
pulled-out. The yield elongation increased with temperature, while the ultimate elongation
of defective specimens at different temperatures was smaller than that of the control group.
The ultimate elongation of the half-grouted sleeve specimens with a change in failure mode
increased with temperature when the failure mode was rebar fracture but decreased when
the failure mode was bonding failure. These results demonstrate that temperature, defect
length and type significantly affect the yield elongation and ultimate elongation.

Taking the loading of the test piece as the evaluation standard, the safety factor is
artificially specified here, which is recorded as α. The safety factor is determined by the
ratio of ultimate load to yield load. The formula is as follows:

α =
Pu

Py
(1)

α is expressed as safety factor in the formula, Pu is the ultimate load and Py is the
yield load.

From the formula, the safety factors of each group of specimens between 0.8 and 1.4 are
calculated. When the safety factor is higher, the safety of the specimen can be guaranteed;
that is, the negative impact of defects on the structure at high temperature is smaller. The
linear change in safety factor of each group of test pieces in the environment from low
temperature to high temperature is shown in the following figure.

When the temperature reaches 400 ◦C, all the defective specimens with reduced
anchorage length will fail. Different types of defects have different effects on the mechanical
properties of half-grouted sleeve specimens. Among them, the 3d defect at the end has the
greatest impact on the tensile properties of the grouting sleeve connection, and the decline
rate of the safety factor is relatively mild between 25 ◦C and 400 ◦C, but it drops sharply
with the loading after 400 ◦C. For the fully grouted specimen with temperature higher than
500 ◦C, the original reliable half-grouted sleeve specimen becomes unreliable. Although
high temperature and grouting defects have an important impact on the reliability of
half-grouted sleeve connectors, defects are more likely to have adverse effects than high
temperature under the extreme environment of the same temperature, especially 600 ◦C.

The safety factor α of the half-grouted sleeve after high temperatures can be calculated
via Equation (1). Fu represents the ultimate load of each group of specimens. Fy (25)
represents the yield load of GT14-BM group at 25 ◦C. Fu and Fy(25) can be obtained from
Table 6.

α =
Fu

Fy(25)
(2)

Taking the deformation of the specimen during loading as the evaluation standard,
the ductility coefficient is artificially specified here, which is recorded as β. The safety factor
is determined by the ratio of limit displacement to yield displacement. The formula is as
follows:

β =
Du

Dy
(3)

β is the ductility coefficient in the formula, Du is the ultimate displacement and Dy is
the yield displacement.
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Table 6. Grey correlation data.

Number Defect Types
X1

Temperature
X2/◦C

Ultimate
Load X0/kN X1 X2 X0 ∆1 ∆2 ξ1 ξ2

1 GT14-BM 200 93.7 1 1 1 0 0 1 1.00
2 GT14-BM 300 93.67 1 1.5 1 0 0.50 1 0.70
3 GT14-BM 400 92.5 1 2 0.99 0.01 1.01 0.99 0.54
4 GT14-BM 500 92.02 1 2.5 0.98 0.02 1.52 0.99 0.44
5 GT14-BM 600 81.9 1 3 0.87 0.13 2.13 0.90 0.36
6 GT14-DB-1d 200 92.75 0.88 1 0.99 0.11 0.01 0.92 0.99
7 GT14-DB-1d 300 92.37 0.88 1.5 0.99 0.10 0.51 0.92 0.70
8 GT14-DB-1d 400 88.26 0.88 2 0.94 0.06 1.06 0.95 0.53
9 GT14-DB-1d 500 88.45 0.88 2.5 0.94 0.06 1.56 0.95 0.43

10 GT14-DB-1d 600 81.34 0.88 3 0.87 0.02 2.13 0.99 0.36
11 GT14-DB-2d 200 92.07 0.77 1 0.98 0.22 0.02 0.85 0.99
12 GT14-DB-2d 300 89.21 0.77 1.5 0.95 0.19 0.55 0.87 0.68
13 GT14-DB-2d 400 87.86 0.77 2 0.94 0.17 1.06 0.87 0.53
14 GT14-DB-2d 500 86.3 0.77 2.5 0.92 0.15 1.58 0.89 0.43
15 GT14-DB-2d 600 79.08 0.77 3 0.84 0.08 2.16 0.94 0.36
16 GT14-DB-2.5d 200 90.33 0.71 1 0.96 0.26 0.04 0.82 0.97
17 GT14-DB-2.5d 300 90.2 0.71 1.5 0.96 0.25 0.54 0.82 0.69
18 GT14-DB-2.5d 400 85.46 0.71 2 0.91 0.20 1.09 0.85 0.52
19 GT14-DB-2.5d 500 79.08 0.71 2.5 0.84 0.14 1.66 0.90 0.42
20 GT14-DB-2.5d 600 75.77 0.71 3 0.81 0.10 2.19 0.92 0.35
21 GT14-DB-3d 200 80.56 0.65 1 0.86 0.21 0.14 0.85 0.89
22 GT14-DB-3d 300 79.3 0.65 1.5 0.85 0.20 0.65 0.86 0.65
23 GT14-DB-3d 400 74.1 0.65 2 0.79 0.14 1.21 0.89 0.50
24 GT14-DB-3d 500 70.64 0.65 2.5 0.75 0.10 1.75 0.92 0.41
25 GT14-DB-3d 600 58.29 0.65 3 0.62 0.03 2.38 0.98 0.33
26 GT14-ZB-2d 200 88.67 0.77 1 0.95 0.18 0.05 0.87 0.96
27 GT14-ZB-2d 300 88.26 0.77 1.5 0.94 0.18 0.56 0.87 0.68
28 GT14-ZB-2d 400 84 0.77 2 0.90 0.13 1.10 0.90 0.52
29 GT14-ZB-2d 500 82.19 0.77 2.5 0.88 0.11 1.62 0.92 0.42
30 GT14-ZB-2d 600 68.87 0.77 3 0.74 0.03 2.26 0.97 0.34
31 GT14-ZD-2d 200 82.59 0.77 1 0.88 0.11 0.12 0.91 0.91
32 GT14-ZD-2d 300 83.09 0.77 1.5 0.89 0.12 0.61 0.91 0.66
33 GT14-ZD-2d 400 82.16 0.77 2 0.88 0.11 1.12 0.92 0.53
34 GT14-ZD-2d 500 78.76 0.77 2.5 0.84 0.07 1.66 0.94 0.45
35 GT14-ZD-2d 600 60.4 0.77 3 0.64 0.12 2.36 0.91 0.34
36 GT14-PX 200 93.1 1 1 0.99 0.01 0.01 0.99 0.99
37 GT14-PX 300 92.37 1 1.5 0.99 0.01 0.51 0.99 0.70
38 GT14-PX 400 90.1 1 2 0.96 0.04 1.04 0.97 0.53
39 GT14-PX 500 90.08 1 2.5 0.96 0.04 1.54 0.97 0.44
40 GT14-PX 600 81.4 1 3 0.87 0.13 2.13 0.90 0.36

When the temperature reaches 400 ◦C, all the defective specimens with reduced
anchorage length will fail. The high temperature has a great influence on the flexural and
compressive properties of the grouting material. At 600 ◦C, the flexural strength of the
grouting material decreases by 68%, and the compressive strength decreases by 46.5%. The
high temperature has little effect on the mechanical properties of the reinforcement, and
the reinforcement still has sufficient strength at 600 ◦C.

From the deformation point of view, when the temperature reaches 400 ◦C, for the
end defect specimen, when the defect length is less than or equal to 2D, the failure mode
of the half-grouted sleeve specimen changes. When the defect length is greater than 2D,
the specimen is unreliable at room temperature. The reason is as follows: the compressive
strength of the grouting material decreases due to high temperature. With the increase
of temperature, the longer the defect length, the shorter the effective anchorage length of
the reinforcement, the less the bonding force between the reinforcement and the grouting
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material, the lower its bearing capacity, and the half-grouted sleeve specimen is more prone
to failure.

The ductility factor β of the half-grouted sleeve after high temperatures can be cal-
culated via Equation (2). ∆u indicates the ultimate elongation of each group. ∆y (25)
represents the yield elongation of GT14-BM group at 25 ◦C. ∆u and ∆y (25) can be obtained
from Table 6.

β =
∆u

∆y(25)
(4)

The stress depends on the bearing capacity of the weld between the reinforcement and
the grouting sleeve and the bonding force of the reinforcement materials around the weld.
Therefore, it is necessary to strengthen and improve the anti-high temperature damage
of grouting sleeve components. For example, for the test results at high temperature,
compared with the FRP bare reinforcement, BFRP reinforcement can be used as one of
the components of the test component. Chopped basalt fiber reinforced cement can be
selected as the cladding layer to provide better oxygen isolation for BFRP bars. The
residual mechanical properties of BFRP bars with cladding layer are generally high at high
temperature, and the percentage of residual elastic modulus of BFRP bars is still more
than 70% at 400 ◦C, the thickness of the clamping layer is 70 mm, the coating layer doped
with chopped basalt fiber has excellent high temperature resistance and anti-cracking
performance [37]. By comparing the ultimate strength of the half-grouted sleeve with
different thicknesses of protective layer at different temperatures, it can be found that the
ultimate strength and displacement of the specimen with protective layer are significantly
increased, indicating that an appropriate increase in the thickness of the protective layer
can effectively improve the ultimate strength of the half-grouted sleeve, and the thickness
of the protective layer can be appropriately increased at the connection part in the project.
Quantitative data show that with the increase in anchorage length, the ultimate strength
of the half-grouted sleeve does not increase significantly before 400 ◦C, which indicates
that the reinforcement is broken. When the temperature is lower than 400, the optimal
anchorage length of the sample is 110 mm [17]. When the temperature is higher than 400 ◦C,
increasing the anchorage length can effectively improve the ultimate bearing capacity of the
specimen. At 600 ◦C, the increase in anchorage length significantly improves the ultimate
strength and ultimate displacement of the half-grouted casing, indicating that the increase
in anchorage length can effectively improve the fire resistance of the connecting part.

3.2.1. Analysis at 25 ◦C~200 ◦C

The safety factor is shown in Figure 10. For the same end defect, the safety factor
gradually decreases with the increase in defect length. The safety factor of the GT14-DB-3d
group decreased significantly. The ductility coefficient is shown in Figure 11. Under the
same end defect, the decreasing trend of the ductility coefficient is more obvious with
the increase in defect length. When the defect length increases from 28 mm to 35 mm,
the test piece cannot meet the construction use at room temperature. Because the defect
length is too large, the anchorage length decreases, and the cementation force between
the reinforcement and the grouting material is far less than the ultimate tensile strength
of the reinforcement. The load-displacement curves of specimens with different defects
at 25 ◦C are shown in Figure 11. The load and displacement of the specimen in the elastic
stage have a linear relationship, and the displacement increases significantly after entering
the strengthening stage. The decline rate of each curve in the failure stage is not exactly
the same. At 25 ◦C, the specimens of GT14-BM, GT14-DB-1D, GT14-DB-2D and GT14-PX
were damaged by steel bar tension, and the other specimens were damaged by steel bar
pullout. The pull-out failure of reinforcement indicates that some defective specimens are
unreliable at room temperature. At room temperature, the ultimate load of GT14-DB-2d
and GT14-DB-3d specimens decreased by 1.7% and 11.7% compared with the full group
specimens. The load displacement curves of specimens with different defects at 200 ◦C
are shown in Figure 12. The overall failure mode of all defective specimens is roughly
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the same as that at 25 ◦C. The influence of 200 ◦C on the failure mode of half-grouted
sleeve specimens is relatively small. The ultimate load and ultimate elongation of the
specimens with defects are lower than those of the full group. At 200 ◦C, the ultimate load
of GT14-DB-2d and GT14-DB-3d specimens was reduced by 1.7% and 14% compared to
the full group specimens. 200 ◦C has little effect on the performance of the half-grouted
sleeve, and reliable specimens at room temperature are still reliable at 200 ◦C. The safety
coefficient and ductility coefficient are shown in the figure, and the overall trend is similar
to 25 ◦C. At 200 ◦C, the defect has a greater impact on the half-grouted sleeve.
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3.2.2. Analysis at 300 ◦C~400 ◦C

The load-displacement curves of specimens with different defects at 300 ◦C are shown
in Figure 13. At 300 ◦C, GT14-DB-2.5d, GT14-DB-3d, gt14-zb-2d and gt14-zd-2d specimens
were pulled out. The ultimate load of GT14-DB-2.5d and gt14-zb-2d specimens at 300 ◦C
decreased by 18% and 22.3% compared with that at room temperature. The safety factor
and ductility factor are shown in the figure. At 300 ◦C, the safety factor of GT14-DB-3d
and gt14-zd-2d groups is 15.3% and 11.7% lower than that of gt14-bm group. The ductility
coefficients of GT14-DB-2d and gt14-zb-2d specimens at 300 ◦C were 34.7% and 50.5%
lower than those of gt14-bm specimens. The influence of 300 ◦C on the strength of the
half-grouted sleeve increases. The load-displacement curves of specimens with different
defects at 400 ◦C are shown in Figure 13. After yielding, the rising rate of the curve is
different, and it shows a different downward trend after failure. At 400 ◦C, the failure mode
of GT14-DB-1d and GT14-DB-2d specimens changed from tensile failure to pull-out failure.
The ultimate load of GT14-DB-2d group specimens at room temperature and 400 ◦C is 1.7%
and 5% lower than that of the full group specimens. When the temperature rises to 400 ◦C,
the ultimate load and ultimate displacement of the GT14-DB-2d specimen are less than
that of GT14-DB-1d specimen. When the length of the end defect increases from 14 mm to
28 mm, the connection performance of the specimen decreases slightly. As the mechanical
properties of the grouting material decrease after high temperature, the bonding force
between the reinforcement and the grouting material decreases, and the specimen is more
prone to pull-out failure. When the temperature reaches 400 ◦C, the influence of high
temperature on the performance of the half-grouting sleeve is higher than that of defects.
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3.2.3. Analysis at 500 ◦C~600 ◦C

The load-displacement curves of specimens with different defects at 500 ◦C are illus-
trated in Figure 14. The curves had an obvious yield stage. When the temperature reaches
500 ◦C, the failure mode of specimens in the GT14-PX group changed to rebar pulled-out
failure. The ultimate load of GT14-ZB-2d group at 500 ◦C was 10.7% lower than that of
GT14-BM. At 500 ◦C, the safety factor of the GT14-DB-3d specimen was reduced by 14.9%
compared with normal temperature, and the ductility factor of the GT14-ZB-2d specimen
was reduced by 54.1% compared with normal temperature, as shown in Figure 14. The
effect of high temperature reduces the compressive and flexural strength of grout, leading
to a decrease in the ductility of the test piece. The tensile property of deviation from the
center 5 mm specimen is greatly affected when the temperature exceeds 500 ◦C. According
to Figure 15, GT14-DB-3d and GT14-ZD-2d group curves did not exhibit a yield stage.
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Subsequently, after reaching the peak load, the displacement experienced a sharp decrease,
leading to a rebar pulled-out failure. At 600 ◦C, the failure mode of GT14-BM group was
changed to rebar pulled-out failure. All the specimens were damaged by rebar pulled-out,
and the bonding force between rebar and grout was less than the ultimate strength of
rebar, resulting in failure of the specimens. The half-grouted sleeves that are reliable at
normal temperature become unreliable at 600 ◦C. The safety factor and ductility factor are
shown in Figure 16. At 600 ◦C, the ductility factor of the GT14-BM group decreased by
48% compared with that at 25 ◦C. The mechanical properties of half-grouted sleeve are
degraded seriously at 600 ◦C.
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In order to ensure the reliability of the connections and avoid bond failure, the bond
strength of half-grouted sleeves should exceed the ultimate strength of the rebar. When
the rebar was pulled out, the specimen was not reliable. As the temperature increased,
the ultimate load and ultimate displacement of the specimens progressively decreased.
The connection performance of the specimens gradually deteriorated. Exceeding 500 ◦C,
the safety performance of the specimen is considerably compromised. All specimens
with grouting defects are unreliable when the temperature reached 400 ◦C. The critical
temperature for a half-grouted sleeve with grouting defects is 400 ◦C. The properties of
the grout diminish when the half-grouted sleeve is subjected to heat. Both the rebar and
grout undergo expansion under high temperatures. Moreover, the cementation force and
frictional resistance between the rebar and grout decreased after cooling. The stiffness
decreases as micro-cracks form among the rebar and grout. Comparing the same end
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defect type, the specimen entered the yield stage faster with the increase in temperature
and defect length. The end defect shortens the effective anchorage length between the
rebar and grout, and the strength of the grout decreases after heating. Consequently, as
the temperature rises and the defect length increases, the bearing capacity of the specimen
is significantly reduced, eventually leading to the rebar being pulled out. Therefore, the
half-grouted sleeve specimen with a middle defect is more susceptible to rebar pulled-out
failure compared to one with an end defect. This can be attributed to the influence of defect
placement on the force transfer effect between the grout and the rebar. When defects are
located farther away from the sleeve end, the bearing capacity decreases for connectors with
the same total effective anchor lengths. The connectors with identical total defect lengths
exhibit lower bearing capacity when possessing discrete defects compared to concentrated
defects. The defects cause the grout to be divided into multiple stress sections, leading
to a discontinuous transmission path that significantly impacts the bearing capacity of
the specimens.

The safety factor and ductility factor of the half-grouted sleeve specimen without
defect and with defect decreased with the increase in temperature. The safety factor and
ductility factor of defective specimens were consistently smaller than that of the control
group at different temperatures. As the defect length increased, the safety factor and
ductility factor decreased. The GT14-DB-3d group exhibited the lowest safety factor and
the least reliability. The properties of the half-grouted sleeve are significantly influenced by
both high temperatures and defects.

3.3. Grey Correlation Analysis of Ultimate Strength

Grey correlation measures the geometric similarity between reference sequence and
comparison sequence. However, the grey correlation analysis method may be influenced by
subjective factors when determining the correlation degree and weight, cannot handle large
and complex datasets and has weak ability to handle non-linear relationships. Compared
with other analysis methods, grey correlation degree has no obvious advantages in reducing
data complexity and refining main features. Due to the relevant characteristics of this
experiment, grey correlation analysis can be used.

A higher similarity between reference sequence and comparison sequence indicates a
stronger correlation, and vice versa. Through the analysis of the test data, the influence of
different defect types and temperature on the strength of the specimen was studied. The
reference sequence was set as the ultimate load, while the comparison sequence consisted
of defect degree and temperature. The purpose is to compare the correlation between defect
degree and temperature with regard to their impact on the strength of specimens.

Grey correlation data were selected for different construction defect types, temperature
and ultimate load. Anchorage length values were also selected for different defect types,
which is X1. The temperature was X2 and the ultimate load was X0. The reference sequence
and comparison sequence were numerically initialized. The proximity was then calculated
by subtracting the comparison sequence value from the corresponding test sequence value
and taking the absolute value. This absolute value represents the sequence’s value, which
can get ∆1 and ∆2. The correlation coefficient can be calculated using Equation (5):

ξi(k) =
∆min + ρ∆max

∆i(k) + ρ∆max
(5)

where ρ is the resolution coefficient, which is 0.5, ∆min is the minimum value of proximity
and ∆max is the maximum value of proximity. Table 6 presents the results obtained from
calculating a series of correlation coefficients.
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Equation (4) was used to calculate the correlation degree:

ξi(k) =
∆min + ρ∆max

∆i(k) + ρ∆max
(6)

where γi ≥ 0.6 indicates a strong association between the comparison series and reference
sequence factors, while γi < 0.6 indicates a poor correlation. γi < 0.5 signifies no correlation
between the comparison sequence and the reference sequence.

The calculated correlation degree of different defect types is 0.92, which is higher than
the correlation coefficient of 0.59 for temperature. The analysis shows that the two factors
of different defect types and temperature are related to the ultimate load. However, the
influence degree of different defects is greater than that of temperature.

3.4. Bond Stress-Slip Constitutive Model

The relationship between bonding stress and slip obtained through experiments was
used to summarize the specimens with the most unfavorable performance at various
temperatures. The results are shown in Figures 17 and 18.
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Figure 18. The most unfavorable bond stress-slip curves under different temperatures.

The failure modes were mainly rebar fracture failure and rebar pulled-out failure. The
different failure modes are mainly determined by the bond strength between the rebar and
the grout and the tensile capacity of the rebar. The impact of high temperature and defects
on the bearing capacity of half-grouted sleeves is investigated through an analysis of the
bond strength between the rebar and grout. The slip was monitored via an extensometer
throughout the whole process, which is the relative sliding distance between the rebar and
the grout at the grout end.

The relationship between the average bond stress and peak load is:

τ =
Pu

πld
(7)

where Pu is the peak load under different temperatures, N; d is the diameter of rebar, mm;
l is the anchorage length of rebar at the grouting end of the sleeve, mm, which is 120 mm in
this test.

By calculating the bond stress of the half-grouted sleeve, the bond stress-slip curve of
each specimen can be obtained, which should be similar to the trend of the load-slip curve.
It can be roughly divided into four sections: micro-slip section, sliding section, descending
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section and residual section. The micro-slip bond stress corresponding to the end point
of the micro-slip section is τs, and the corresponding slip amount is Ss. The maximum
point corresponds to the ultimate bond stress τu, and the corresponding slip quantity is
Su. The splitting bond strength corresponding to the end point of the descending section
is τr and the corresponding slip amount is Sr. The cohesive slip constitutive model of the
half-grouted sleeve connector described by the four-stage formula is as follows, and the
formula is determined by Appendix C: constitutive relationship of reinforced concrete and
multiaxial strength criterion of concrete in gb50010-2010 [38]. Among them, section C3
specifies the proposal of this formula and the selection of parameters:

τ =


k·s, 0 < s < su

as + b, ss < s < su
cs + d, su < s < sr

τr, s > sr

(8)

k =
τs

ss
(9)

a =
τu − τs

su − ss
(10)

b = τu −
τu − τs

su − ss
·su (11)

c =
τu − τr

su − sr
(12)

d = τu −
τu − τr

su − sr
·su (13)

Combined with the grey correlation analysis and the trend of the two coefficient factors,
it can be seen that the performance of the component has decreased significantly before
and after 400 ◦C. With the increase in temperature to 400 ◦C, the bearing capacity of the
specimen began to decrease significantly. At this time, the temperature has a greater impact
on the tensile properties of the specimen, and with the increase in temperature, the greater
the defect length, the more obvious the impact of temperature on the tensile properties.

Due to the occurrence of an end defect which is marked as DB, the effective anchorage
length of reinforcement becomes shorter, while the compressive strength of grouting
material decreases due to high temperature. Therefore, with the increase in temperature,
the greater the length of end defects, the lower the bearing capacity, and the easier the
reinforcement is pulled out. The half-grouted sleeve specimen with middle defects is more
prone to pull-out failure than the specimen with end defects. The reason is that the setting
defects affect the force transfer effect between the grouting material and the reinforcement.
For the specimen with the same total effective anchorage length, the farther the defect is
from the sleeve end, the lower the bearing capacity is. When the length of defects is the
same, the bearing capacity of discrete defects is lower than that of the concentrated defects.
Due to the set defects, the grouting material is divided into multiple stress sections, and the
force transmission path is discontinuous, which has a great impact on the bearing capacity
of the specimen.

With the increase in temperature, the safety factor and ductility factor of non-defective
and defective half-grouted sleeve specimens decrease, and the safety factor and ductility
factor of defective specimens are always lower than those of the control group at each
temperature. For the same end defect specimen, the larger the defect length, the lower
the safety factor and ductility factor. The safety coefficient and ductility coefficient of
the GT14-DB-3d specimen are the lowest and the most unreliable. The influence of high
temperature and defects on the performance of the half-grouted sleeve cannot be ignored.
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3.5. Real Situation Fitting and Performance Improvement

In the actual project site, after the single-sided welding between the post repair
connecting reinforcement and the sleeve is completed, the reinforcement grouting material
shall be filled around the weld. Moreover, it can be improved by replacing concrete to
prevent the impact of high temperature and defects. For example, plastic waste (PW) as
aggregate or fiber in cement mortar and concrete manufacturing can effectively enhance the
concrete performance and mechanical strength. It can not only recycle PW to achieve the
purpose of environmental protection, but also improve the crack resistance performance,
so as to show good crack resistance and high temperature resistance in fire disaster [39].
Improving the curing specimens can also enhance the compressive strength of concrete [40].

When size requirements are proposed for the sleeve to meet engineering objectives,
although the specimen meets the specifications, improvements can still be made to expand
the application range when considering size effects. When size requirements are proposed
for the sleeve to meet engineering objectives, although the specimen meets the specifications,
improvements can still be made to expand the application range when considering size
effects. When studying the column base joint specifications of inverted exposed grooved
slopes (IEGSs), the bearing capacity of the specimens can be improved by increasing the
cross-sectional size of the columns, or by using cement-based grouting materials instead of
concrete, which can increase the yield load and peak load by 9.97% and 6.31% [41].

4. Conclusions

A total of 48 half-grouted sleeve specimens were subjected to unidirectional tensile
testing to investigate the post-fire mechanical properties of sleeve connectors with various
grouting defects. Specimens were exposed to temperatures ranging from 25 ◦C to 600 ◦C.
Grouting defects included end defects, middle defects, combined middle and end defects,
and eccentric defects. Based on the analysis of the test results, the following conclusions
can be drawn:

(1) The primary failure modes observed in the half-grouted sleeve specimens are rebar
fracture failure and rebar pull-out failure. Upon reaching temperatures of 500 ◦C for
non-defective specimens or exceeding 400 ◦C for defective specimens, a significant
deterioration in the tensile properties of the half-grouted sleeve is evident, leading to
a universal occurrence of rebar pull-out failure across all specimens.

(2) When the temperature reaches 400 ◦C, all the defect groups with reduced anchorage
length fail. Different types of defects have different effects on mechanical properties
of half-grouted sleeve specimens. The 3d defect at the end has the greatest influence
on the tensile properties of the half-grouted sleeve connection. When the end defect
length reaches 35 mm, because the defect length is too large, the anchorage length
decreases, and the cementation force between the reinforcement and the grouting
material is far less than the ultimate tensile strength of the reinforcement, the specimen
is not reliable at normal temperature. The influence degree of different defects is
greater than that of temperature.

(3) The ultimate tensile force, yield tensile force, safety factor and ductility factor of
half-grouted sleeves with or without grouting defects decrease with increases in
temperature. The rate of increase or decrease of these parameters varies depending
on the type of defect. High temperatures and construction defect have important
influence on the reliability of half-grouted sleeve connections. The defects have
greater influence on it through the grey correlation analysis. The practical engineering
significance provided in this experiment is as follows: considering that defects cannot
be avoided during the production and construction process, it is necessary to increase
the thickness of the protective layer of the wall while reducing defects to improve
fire-resistance performance, so as to control the indoor temperature within 400 degrees
Celsius as much as possible after a fire occurs.

(4) The use of advanced grouting materials or concrete can effectively improve the anti-
cracking performance of time. When the conclusion is extended to full-size specimens,
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considering the size effect, the bearing capacity of specimens can be improved by
increasing the section size of columns or using cement-based grouting materials
instead of concrete.

(5) For half-grouted sleeve connectors with the same total defect lengths, discrete defects
result in lower bearing capacity compared to concentrate defects, and when defects are
farther away from the sleeve end, the bearing capacity is lower. GT14-DB-2d has the
best performance, followed by GT14-ZB-2d, and GT14-ZD-2d has the worst properties.

(6) Taking 400 ◦C as the critical point, high temperature has a significant impact on the
stress of the half-grouted sleeve component after fire, so it is necessary to strengthen
and improve the high temperature damage resistance of the half-grouted sleeve. By
comparing the ultimate strength of the half-grouted sleeve with different thicknesses
of the protective layer at different temperatures, it can be found that the ultimate
strength and displacement of the specimen with the protective layer increase signifi-
cantly, indicating that the appropriate increase in the thickness of the protective layer
can effectively improve the ultimate strength of the half-grouted sleeve. In addition,
the increase in anchorage length can also effectively improve the fire resistance of the
connecting part.

On the basis of this research, the numerical simulation of the half-grouted sleeve with
grouting defects after fire is carried out. This research serves as a valuable foundation
for subsequent studies on simulation models. For example, the mechanical analysis of
specimens under high stress and large deformation repeated tension and compression
after high temperature can be further studied. The stress–strain relationship of grouting
material can also be further explored, as well as the grouting material in line with the
actual situation.
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