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Abstract: Previously conducted studies have established that all-light ceramsite concrete has the
characteristics of light weight and high strength. It is a good material for strengthening and has a
good application prospect when strengthening existing RC columns by the enlarged cross-section
method. Additionally, a good combination of new-to-old concrete is crucial to the best performance
of RC columns strengthened by the enlarged section method. Therefore, to investigate more com-
prehensively the axial compression reinforcement effect of RC short columns strengthened with
all-light ceramsite concrete, one unreinforced short column, one RC short column strengthened by
ordinary concrete, and four RC short columns strengthened by all-light ceramsite concrete with
different interface treatments were produced. Moreover, axial pressure tests were conducted on them.
The findings showed the following: (i) Short-column specimens strengthened by all-light ceramsite
concrete had obvious ductile damage characteristics. (ii) The type of bonding surface greatly affected
the strengthening effect. The order of ultimate load-bearing capacity improvement was post-installed
rebar + epoxy resin interface agent, epoxy resin interface agent, post-installed rebar, and chiseling.
(iii) When post-installed rebar + interface agent was used, the epoxy resin interface agent played the
primary role during the pre- and mid-loading period. The post-installed rebar started to function
only in the mid- and late-loading period. (iv) Strain growth of the existing longitudinal bar and
strengthening longitudinal bar was not synchronized in the late-loading period. The strain in the
existing longitudinal bar grew rapidly and nonlinearly, while the strengthening longitudinal bar
still grew linearly. (v) The calculation formula in specification GB50367-2013 is also applicable to
ceramsite concrete, and the correction factor can still be 0.8. When the interface treatment method is
post-installed rebar + epoxy resin interface agent, the correction factor can be 0.9.

Keywords: reinforced concrete column; enlarging section method; structure reinforcement; all-light
ceramsite concrete; new-to-old concrete bonding interface

1. Introduction

The strengthening and retrofitting of existing aged buildings has been a research inter-
est for decades and has received extensive attention from researchers all over the world [1,2].
The enlarging cross-section method has the characteristics of a simple process, reliable force,
and low cost of reinforcement. It is widely used to repair and strengthen structures such as
beams [3] and columns [4,5]. However, the enlarging cross-section method reinforcement
was mostly made of denser ordinary concrete in existing column reinforcement projects.
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This results in a significant increase in the reinforced structure’s self-weight, which would
have a certain impact on the mechanical properties of the strengthened structure. All-light
ceramsite concrete has lightweight and high-strength characteristics, making it 25–30%
lower in weight compared to ordinary concrete of the same strength [6,7]. The use of all-
light ceramsite concrete as a material for strengthening engineered structures allows for a
lower increase in the self-weight of the reinforced structure. In addition, all-light ceramsite
concrete has better thermal insulation, heat insulation, sound insulation, fire resistance,
seismic resistance, and no alkali-aggregate reaction, along with other advantages because
of the special structure of shale ceramsite particles [8–10]. Zhang and Liu [11,12] carried out
experimental studies of encased ceramsite concrete outsourced H-beam and covered ceram-
site concrete outsourced T-beam columns. The results showed that the encased ceramsite
concrete has good bonding performance with the steel cross-sections. Beam and column
bearing capacity, stiffness, and ductility are greatly improved. Thus, if the load-bearing
performance of the all-light ceramsite-concrete-strengthened engineered structure could
be guaranteed, the application of the enlarging cross-section method for strengthening
engineered structures could be broadened. This would be of great significance in promoting
the development of engineered structural reinforcement.

The enlarged cross-section method of column strengthening is a combination of new-
to-old concrete cross-section of columns. Therefore, better shear transfer between the
new-to-old concrete is essential for the reinforced column to exert its own load-bearing
capacity. Established studies have demonstrated that the synergy between new-to-old
concrete depends mainly on the treatment and construction of the bonding surface [13].
When adding interfacial agents and increasing roughness are used at the interface of
new-to-old concrete, they all significantly affect the bond between them [14–16].

For the former, the most common epoxy resin interfacial agent was used as an example,
which could enhance interfacial adhesion by any fiber [17]. Existing findings pointed out
that when epoxy-type interface agents are used for concrete of different ages and composi-
tions, their tensile properties [18] and shear properties [19] show greater improvement than
other interface agents on the bond surface of new-to-old concrete. In addition, epoxy-based
interfacial agents can exert a sizeable cohesive force under different humidity and other
environmental factors [20,21]. For the latter, He [22] found through an experiment that
the bond strength between new-to-old concrete increased approximately linearly as the
roughness of the interface grew. Furthermore, the ways to increase roughness (groov-
ing [23,24], hand-brushing [25], sand-blasting [26,27], wrapping [28], drilling [29], and
hand-chiseling [30]) also proved to affect the bond strength of the new-to-old concrete.

With intensive research and extensive reinforcement works, post-installed rebar had
become a new and effective method to improve the ultimate bearing capacity of new-
to-old concrete specimens [31]. A reasonable and scientific setting of the location of the
post-installed rebar would change the failure of the specimen interface from brittle failure
without reinforcement to ductile failure. This can significantly improve the ultimate shear-
bearing capacity of the new-to-old concrete interfaces [32,33]. Furthermore, Jiang [34]
found that both cracking strength and ultimate strength can increase with the growth in
reinforcement ratios. However, when the reinforcement ratios reach 1.8%, it plateau and
stops growing. Mohammad [35] pointed out that lightweight concrete has better bonding
properties with reinforcing steel than ordinary concrete. In summary, although some
progress has been made in the study of interface treatment methods (increasing roughness,
adding epoxy-based interface agents, and post-installed rebar) for reinforced members
with enlarged sections, there are still aspects that need to be supplemented. On the one
hand, a comparative study of different bonding interface treatments was missing. On the
other hand, they all carried out the research with ordinary concrete as the reinforcement
material. Therefore, the research results might not provide a scientific reference for the
works related to ceramsite-concrete-reinforced columns. Fortunately, the above studies
provide us with good research ideas.
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Analyzing the above, it can be seen that strengthening concrete short columns with
ceramsite concrete has good engineering prospects. However, most of the existing studies
were conducted with ordinary concrete as the reinforcement material, and the comparative
study of different bonding interfaces for the enlarged section method was insufficient.
This has hindered the development of the field of engineered structural reinforcement.
Therefore, the purpose of this study is to comprehensively investigate the axial compres-
sive load-bearing performance of RC short columns strengthened with all-light ceramsite
concrete with different bonding interface treatments. In order to achieve this goal, the
following work was carried out: Four ceramsite-concrete-strengthened short columns with
different bonding surface treatments (chiseling, interface agent, post-installed rebar, and
post-installed rebar + chiseling.), one unstrengthened short column, and one ordinary
concrete-strengthened short column were tested in axial compression. The research in-
cludes the axial compression damage morphology of strengthened short columns, interface
force mechanism, and bearing capacity calculation method. The research results are ex-
pected to provide a basis for the research application of the axial compression performance
of ceramsite-concrete-strengthened RC short columns in the engineering field.

2. Test Survey
2.1. Test Materials

Longitudinal main reinforcement was HRB400 hot-rolled ribbed steel bar. The stirrups
were HPB235 hot-rolled smooth round steel bar. Moreover, the post-installed rebar was
HRB335 hot-rolled ribbed steel bar. The diameter of the existing longitudinal bars was
12 mm (yield strength was 403 MPa, tensile strength was 543 MPa). The strengthening
longitudinal bar diameter was 14 mm (yield strength was 411 MPa, tensile strength was
596 MPa). The existing stirrups diameter was 6 mm, the strengthening stirrups diameter
was 8 mm, and the post-installed rebar diameter was 6 mm.

Crushed-stone-type shale (900-grade) ceramsite granules, produced in Yichang City,
Hubei province, China, were selected as the coarse aggregate for the LC50 ceramsite
concrete. Ordinary gravel was used as the coarse aggregate for the C30 and C50 ordinary
concrete. Fine aggregate used for the LC50 ceramsite concrete was ceramsite sand produced
in Yichang City, Hubei province, China. The fine aggregate for C30 and C50 ordinary
concrete was river sand, which met the grading requirements.

Huaxin-brand P.O.42.5 ordinary Portland cement was adopted in test. It was produced
in Yichang City, Hubei province, China. The water-reducing agents were high-performance
polycarboxylate superplasticizers produced in Qingdao City, Shandong province, China.
Qingdao ZhuoNengda manufactured the epoxy resin adhesion agent used in this test. It
was produced in Qingdao City, Shandong province, China. (Its shear bond strength was
1.5 MPa and the tensile adhesive strength was 0.6 MPa)

The test water was produced in Wuhan City, Hubei province, China.

2.2. Concrete Mix Proportion

Existing columns were poured with C30 concrete (mix proportions are shown in
Table 1). Because of the low elastic modulus of all-light ceramsite concrete, the elastic
modulus of ceramsite concrete for reinforcement was as close as possible to that of existing
column concrete by growing the strength of its mix. After trial formulation, the concrete for
reinforcement was LC50 all-light ceramsite concrete (mix proportions are shown in Table 2).
The ordinary concrete used in the comparison study was C50 concrete (mix proportions are
shown in Table 3).

Table 1. Existing column C30 ordinary concrete mix proportion (kg/m3).

Strength Grade Cement Sand Gravel Water Water Reducer

C30 465 512 1251 175 0
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Table 2. LC50 all-light ceramsite concrete mix proportion (kg/m3).

Strength
Grade Cement Ceramsite Pottery

Sand
Water

Reducer Water

LC50 550 620 600 5.1 154

Table 3. C50 ordinary concrete mix proportion for reinforcement (kg/m3).

Strength
Grade Cement Coal Ash Sand Gravel Water Water

Reducer

C50 400 120 700 1050 170 4.7

Column C1 and all columns to be strengthened were poured with C30 concrete. The
concrete used for strengthening column specimen C2 was C50 ordinary concrete. The
concrete for the reinforced portion of the column specimens C3 to C6 was LC50 all-light
ceramsite concrete. When various types of test columns were poured, the same batch of
concrete would be used to make cubic test blocks to determine the compressive strength of
various types of concrete cubic specimens (see Table 4). Additionally, test columns and test
cubes were maintained naturally by using an indoor water sprinkling for 28 days, i.e., until
the axial compression test of the test column.

Table 4. Measured concrete cubic compressive strength during the compression test of column specimens.

Concrete
Number Used Part Measured Cubic

Compressive Strength (MPa)

C30 Column C1 and concrete columns
to be strengthened 30.8

C50 Concrete for column strengthening
for Column C2 46.6

LC50

Concrete for column strengthening
for Column C3 45.7

Concrete for column strengthening
for Column C4 46.5

Concrete for column strengthening
for Column C5 45.5

Concrete for column strengthening
for Column C6 46.8

2.3. Column Specimens

There were six specimens in this test. The parameters of the column specimens are
shown in Table 5. The concrete strength grade of existing columns was C30. Section
size was 150 mm × 150 mm. The reinforcement ratio of existing columns was designed
according to code for the design of concrete structures (GB50010-2010) [36]. Longitudinal
bars were 4 C 12. The distribution of the stirrups at the top and bottom of the column were
4 A 6 @ 40 and 3 A 6 @ 100 in the middle of the column, as shown in Figure 1a.
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Table 5. Main parameters of the column specimens.

Column
Number

Concrete Strength
Grade (Existing

Columns/Strengthened
Columns)

Column Cross-Section Size/
(mm) (Existing Columns/
Strengthened Columns)

Length of Main Steel
Bar (Existing

Columns/Strengthened
Columns)

Strengthened
Interface Treatment

Method
Slenderness

Ratio

C1 C30/- 150 × 150
/-

4 C 12
/- - 4.93

C2 C30/C50 150 × 150
/250 × 250

4 C 12
/4 C 14 Chiseling 2.96

C3 C30/LC50 150 × 150
/250 × 250

4 C 12
/4 C 14 Chiseling 2.96

C4 C30/LC50 150 × 150
/250 × 250

4 C 12
/4 C 14

Interfacial
agent 2.96

C5 C30/LC50 150 × 150
/250 × 250

4 C 12
/4 C 14 Post-installed rebar 2.96

C6 C30/LC50 150 × 150
/250 × 250

4 C 12
/4 C 14

Post-installed rebar+
interfacial agent 2.96
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The dimensions of the strengthened column were 250 mm × 250 mm. The rein-
forcement part was designed according to the Code for Design of Strengthening Concrete
Structures (GB50367-2013) [37]. The distribution of the stirrups at the top and bottom of
the column were 4 A 8 @ 40 and 3 A 8 @ 100 in the middle of the column, as shown in
Figure 1b. The concrete protection-cover depth was 25 mm in all cases.

Column specimen C1 was an existing column without strengthening. Column spec-
imen C2 was strengthened with ordinary C50 concrete. Column specimens C3-C6 were
strengthened with LC50 all-light ceramsite concrete. Column specimens C2-C6 reinforce-
ment size and distributed steel were consistent. The specimen schematic and photos are
shown in Figures 1–3.
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Figure 2. Post-installed rebar arrangement and strain gauge arrangement for specimen columns C5
and C6 (unit: mm). (a) Existing column façade; (b) III–III section contour; (c) IV–IV section contour.

Unstrengthened column longitudinal bars and solid longitudinal strain gauges were
arranged at one-half of its longitudinal bar. The strain gauges of the stirrups were arranged
in the middle part of the stirrup at one-half of the column height, as shown in Figure 1. The
arrangement of reinforcement strain gauges on specimens C5 and C6 post-installed rebar
were closed to the interface, as shown in Figure 2. The strain gauge was used to measure
the strain value.

The bonding surface treatments of specimens C2-C6 were chiseling, interface agent,
post-installed rebar and post-installed rebar + interface agent. According to the litera-
ture [17–21], the interface agent was selected as the epoxy resin interface agent. Moreover,
columns C5 and C6 were reinforced with 16 bars installed on both the front and rear
sides. Sixteen bars per column were installed. The reinforcement was 90 mm extended
B HRB335 hot-rolled ribbed reinforcement. According to the literature [38], the existing
column post-installed rebar depth was 10d (6 cm). The arrangement of the post-installed
rebar is shown in Figure 2. The actual object is shown in Figure 3c.
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Figure 3. Photo of ceramsite aggregate and specimen column fabrication. (a) Ceramsite aggregate;
(b) Added solid reinforcement cage and strain gauge; (c) Specimen columns C5 and C6 post-installed
rebar; (d) Pouring of column specimens with solid concrete.

2.4. Test Loading System

The loading machine was a short column tester with a maximum pressure of 2000 kN.
It was loaded by controlling the load. The loading device was loaded from the top down
and the bottom was stable. First, the initial loading was 50 kN. After that, 100 kN was the
first level. The loading rate was 1 kN/s. Then, when loading to 50%, the ultimate strength
was adjusted to 50 kN for the first level. The loading rate was adjusted to 0.5 kN/s during
this period. Finally, the loading was adjusted to 10 kN for one level after reaching 80% of
the ultimate strength, and the loading rate was adjusted to 0.1 kN/s during this period.
After reaching the ultimate bearing capacity, the load was reduced to 80% of the bearing
capacity to stop loading. The loading is shown in Figure 4.
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3. Test Phenomenon

The failure process and form of each specimen were as follows:
First, small cracks appeared at the lower column corners when the specimen column

C1 (unstrengthened column) was loaded to 550 kN. Then, the cracks started to grow and
widen when loaded to 650 kN. Finally, when loaded to 760 kN, the bottom concrete began
to fall off in a large area until the longitudinal bar was exposed. At that time, the C1 column
was completely destroyed, showing more obvious brittle damage characteristics, as shown
in Figure 5a.
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For C2 column, when it was loaded to 1040 kN, fine cracks began appearing. With the
increase in the load, two small, nearly parallel cracks appeared at the joint interface of the
new-to-old concrete when the load reached 1360 kN. While it was loaded to 1560 kN, two
parallel cracks became larger in width and ran through the whole column (see Figure 5b).
Moreover, the separation of the new-to-old concrete joints could be observed at close range.

For C3 column, there were small cracks when it was loaded to 1080 kN. When it
was loaded to 1512 kN, the crack penetrated the whole column. Afterward and up to
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the peak load (1641.3 kN), no significant phenomena was observed. In the process of
unloading, while the load was unloaded to 1604 kN, a large piece of concrete came off at
the lower surface of the column and exposed the reinforcement part of the stirrups (see
Figure 5c). The damage pattern was lantern-shaped. No large penetration cracks were seen
on the combined surface of the new-to-old concrete. Compared with specimen C2, the
cracks and the penetration cracks in specimen C3 appeared later. The damage process was
more abrupt.

For C4 column, first, fine cracks were observed when it was loaded to 1160 kN. Then,
when the loading reached 1680 kN, small pieces of concrete broke off at the corner of the
upper part of the column (see Figure 5d). Meanwhile, two cracks appeared and joined
together at the upper part of the concrete column at the end. Finally, the concrete in the
column’s upper part fell into large pieces when the load was unloaded to 1660 kN, and the
surface cracks penetrated the interior. The bending and deformation of the reinforcement
longitudinal bars were visible in the chiseled interior, as shown in Figure 5e.

For C5 column, first, its cracks appeared at 1050 kN. Secondly, two parallel cracks
were formed at the position of the joint surface at both ends of the column corner when it
was loaded to 1450 kN. The peak load was 1641.8 kN. Lastly, when unloaded to 1610 kN,
two cracks penetrated through the subsequent large bulge of concrete in the middle of the
column, as shown in Figure 5f. The new-to-old concrete’s separation and the post-installed
rebar’s extraction could be observed at close range, as shown in Figure 5g.

For C6 column, first, fine cracks appeared at 1270 kN. Then, the cracks widened and
formed arc-shaped cracks when it was loaded to 1730 kN. Small concrete fragments were
dislodged from the top of the column. The peak load was 1811.8 kN. Finally, when it was
unloaded to 1780 kN, the arc crack penetrated the whole column, and the concrete bulged
in the middle of the column, as shown in Figure 5h.

The test process of each specimen could be divided into three stages: (i) The stage in
which no cracks appeared in the specimen belonged to the linear elastic stage. (ii) Specimens
with large cracks and part of the concrete falling off belonged to the elastic–plastic stage.
(iii) Specimens with penetration cracks, large pieces of concrete falling off and crushing,
and exposed reinforcement belonged to the failure stage.

After being strengthened, the C2~C6 specimens demonstrated a slow process from the
appearance of penetration cracks to complete damage. All of the columns showed obvious
ductile damage characteristics. Among them, the smallest load corresponding to the peak
load at cracking was the C2 specimen. Furthermore, the maximum was the C6 specimen.
The maximum load corresponding to the dislodgement of concrete masses (damage of
specimens) was for C6 specimens. However, the minimum was for C4 specimens. The
most severe damage pattern when unloaded to 85% was observed in the C5 specimens
and the lightest observed in the C4 specimens. It could be seen that when the epoxy
resin interface agent was used, the damage process of the specimen was the slowest.
Additionally, the damage degree was the lightest and its ductile failure characteristics were
the most obvious. In contrast, the damage process of the specimen was relatively fast and
serious when the reinforcement was simply used and its ductile failure characteristics were
relatively weak.

4. Analysis of Test Results
4.1. Load–Displacement Curves

The results of the axial compression tests on all specimens were analyzed. The varia-
tion curves between the load and the longitudinal displacement of the specimens under the
axial longitudinal load are presented. The main test results are shown in Table 6. Figure 6
displays the load–displacement curves for all specimens.
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Table 6. Displacement and load test results.

Test Number PU/kN ∆m/mm ∆y/mm ∆u/mm u∆

C1 778.4 3.83 3.29 4.41 1.34

C2 1612.4 6.87 6.33 9.06 1.43

C3 1641.3 7.10 5.86 9.11 1.55

C4 1712.1 6.21 4.63 9.54 2.06

C5 1641.8 5.48 4.28 8.32 1.94

C6 1811.8 7.56 6.09 10.50 1.72
Note: PU is the ultimate bearing capacity; ∆m is the displacement when the specimen reaches the ultimate bearing
capacity; ∆y is the nominal yield displacement; ∆u is the ultimate displacement when unloaded to 0.85; u∆ is the
ductility factor, u∆ = ∆u/∆y.
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Figure 6. Specimen load–displacement curve.

In Table 6, the ductility coefficients ∆u of the specimen were calculated by the equiva-
lent energy area method. The nominal yield displacement ∆y is calculated from the area of
the load–displacement curve. Additionally, it was obtained by using the limit displacement
u∆ unloaded to 85% PU .

According to Figure 6, the compressive loading of the specimen could be divided into
three stages:

(i) The load–displacement relationship appeared linear at the beginning of loading
and belonged to the linear elastic stage. (ii) When the loading exceeded a certain value,
the load–displacement relationship began to change in a curve until it reached the peak
load, which was a relatively short phase and belonged to the elastic–plastic stage. (iii) After
reaching the peak load, the curve began to decrease until the specimen displayed obvious
damage characteristics, and this stage was the damage stage.

Figure 6 shows that specimens C3 to C6 had a more obvious yield plateau when the
load–displacement curve entered the falling section from the rising section. In contrast,
specimens C1 and C2 had almost no transition platform. Therefore, strengthening concrete
columns with all-light ceramsite concrete could enhance the plastic deformation capacity
of the strengthened columns and improve the strengthened columns’ safety performance.

4.2. Ultimate Compressive Bearing Capacity

Compared with the unstrengthened specimen column C1, the load-bearing perfor-
mance of specimen columns C2 to C6 with the enlarged cross-section method were all
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significantly improved. On the whole, the ultimate bearing capacity was increased by
107.0%, 110.8%, 119.9%, 110.8%, and 132.7%, respectively.

When considering a chiseled joint surface, the ultimate bearing capacity of C3 (strength-
ened with LC50 ceramsite concrete) was improved compared with that of C2 (strengthened
with C50 ordinary concrete) by 1.7%. This indicates that compared with ordinary concrete,
all-light ceramsite concrete was more suitable as reinforcement material.

When all-solid concrete was made of ceramsite concrete, the type of bonding interface
had a greater impact on the reinforcement effect: (i) The least increase in the compressive
ultimate bearing capacity of the specimen occurred when the bonding interface treatment
was chiseled (specimen C3). (ii) The compressive ultimate bearing capacity was comparable
to that of the chiseled specimen when taking the post-installed rebar (specimen C5). (iii) The
ultimate compressive load-carrying capacity improvement was very obvious when the
interface agent was used. (iv) When the bond interface was post-installed rebar+ interfacial
agent (specimen C6), the ultimate bearing capacity was most obviously improved. It
improved by 5.8% over the bonding surface with interface agent only and by 19.7% over
that with post-installed rebar only (specimen C5).

4.3. Ductility Factor Analysis

Figure 7 displays the ultimate load of the specimens compared with the ductility factor.
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Figure 7. Comparison of ultimate load and ductility factor.

From Table 4 and Figure 7, it is clear that:

(i) The ductility coefficient of specimen C4 was the largest. Using epoxy resin interface-
agent treatment best improved the ductility coefficient. Compared to specimen C1, it
increased by 53.7%.

(ii) When the C5 and C6 specimens with post-installed rebar were used, the ductility
coefficients were enhanced by 44.7% and 28.3%, respectively. It can be seen that the
ductility of the strengthened column significantly improved by using epoxy interface-
agent reinforcement.

(iii) Specimen C3 (strengthened with LC50 ceramsite concrete) improved the ductility co-
efficient by 8.3% compared to specimen C2 (strengthened with C50 ordinary concrete).
Therefore, ceramsite concrete as a reinforced solid could achieve greater ductility than
ordinary concrete.
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4.4. Interface Force Mechanism Analysis

Figure 8 shows the strain–load relationship for the post-installed rebar in specimen C5
and specimen C6.
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Figure 8. Strain–load variation in post-installed rebar in specimen C5 and specimen C6.

Analysis showed that:
In the early stage of loading, the strains of the C5 specimen and the C6 specimen

post-installed rebar were small. However, the strain increase rate was very low. It indicated
that the shear stresses on the joint surface at the early stage of loading were mainly carried
by the bonding force of the new-to-old concrete itself.

The post-installed rebar in specimen C5 started to grow suddenly and rapidly when
it was loaded to 900 kN. In contrast, the post-installed rebar in the C6 specimen with
the addition of the interface agent did not start to grow more significantly until it was
loaded to 1200 kN. This indicated that the epoxy resin interface agent started to work by
enhancing the new-to-old concrete bond when loaded from 900 to 1200 kN. When loaded
near the ultimate load, the post-installed rebar tensile strain growth rates all started to
rise considerably. In summary, it was clear from the above analysis that in new-to-old
concrete with post-installed rebar + interface agent, the epoxy resin interface agent played
the main role in the pre- and mid-loading period by increasing the bond between the
new-to-old concrete. The post-installed rebar started to function only in the mid-and
late-loading period.

4.5. Strain Analysis of Longitudinal Bar

Figure 9 shows the load–strain relationship between the strengthening longitudinal
bar and the existing longitudinal bar in C1~C6 specimens.

As can be seen from Figure 9:
In the linear elastic stage, the compressive strains of the existing longitudinal bar and

strengthening longitudinal bar were basically the same and the growth rate was basically
the same. This indicated that the existing and strengthening longitudinal bars were jointly
and synergistically stressed during the loading period. When the specimen was loaded to
the elastic–plastic stage, the strain curve of the strengthening longitudinal bars increased
slower than the existing longitudinal bars. In the stage of failure, the strain in the existing
longitudinal bar would increase rapidly. In contrast, the strengthening longitudinal bar
strain would increase at a lower rate until the specimen was damaged, which was still
basically in the elastic deformation stage.
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The longitudinal bar load–strain curves correlated well with the damage characteristics
of the specimens. Using the C3 specimen as an example, the strain curve separation between
strengthening longitudinal bars and existing longitudinal bars occurred at 1050 kN. At
that time, fine cracks appeared on the joint surface of the specimen. The strengthening
longitudinal bar and the existing longitudinal bar curve were separated at 1400 kN when
large cracks appeared at the joint interface of the specimen. At the same time, the C4
curve separation of the specimen with epoxy resin interface agent on the concrete interface
was slower than that for the C3 specimen, and the load for which cracks appeared was
higher than that for the C3 specimen. Specimen C6 showed the maximum compressive
strain in the strengthening longitudinal bars near the ultimate load. This indicated that it
exerted the maximum effect. Its ultimate load capacity was also the maximum. The strain
in the existing longitudinal bar was larger than that in the strengthened longitudinal bar
when it was closed to the damage. The strain growth rate increased gradually, while the
strain growth rate of the strengthening longitudinal bar was basically constant. When the
specimen reached the ultimate load capacity, the strain in the existing longitudinal bar
would be much larger than the strengthening longitudinal bar. Then, the strength of the
strengthening longitudinal bar was not fully developed.

In summary, it was clear that the unsynchronized compressive strain between the
strengthening longitudinal bar and the existing longitudinal bar of the specimen was
caused by the separation of the new-to-old concrete interfaces. The higher the compressive
load at the time strain asynchrony occurs, the higher the ultimate bearing capacity of the
short column. The variation in the integrated longitudinal bar strain values with load
growth could be inferred. The damage to the strengthened column specimens began in
the existing concrete column section. Then, the existing column deformed substantially in
the interior, and bulging and cracking occurred in the outer reinforcement immediately
afterward. Finally, the whole specimen lost its bearing capacity.

4.6. Strain Analysis of Stirrup

The strain was measured in the middle of the strengthening stirrup and the existing
stirrup at one-half height of the column. The load–strain relationship for each stirrup is
shown in Figure 10.
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Figure 10. Load–strain curves of the hoop bars from C1 to C6 of the specimen column.

As shown in Figure 10: (i) Except for specimen C1, the growth rate of stirrup strain
in the linear elastic stage was the same for all specimens. However, when the specimen
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entered the failure stage, the tensile strain in the strengthening stirrup appeared to grow
rapidly before the existing stirrup. The tensile strain in the strengthening stirrup in C5 and
C2 specimens grew the most, up to 1500 µε. (ii) Comparing the load–strain curves of the
existing stirrups after strengthening and C1 stirrups, the strengthening by the enlarged
section method reduced the growth rate of the strain in the existing stirrups. However, all
the strengthened stirrup’s tensile strains were greater than the existing ones, indicating that
the tensile stress caused by the compressive expansion of the column near the damage time
was mainly borne by the strengthening stirrups. (iii) The tensile strains of the strengthening
stirrup in C5 and C6 specimens with post-installed rebar were larger, reaching more than
900 µε. In comparison, the tensile strain in the strengthening stirrup in C4 specimens with
an interface agent was smaller, about 500 µε, indicating that the strengthening stirrup still
had not fully played its role when C4 specimens were close to destruction.

5. Strengthened Column Bearing Capacity Calculation

The Design Code for Strengthening Concrete Structures (GB50367-2013) [37] proposed
a formula for the axial compression of RC columns strengthened by the concrete enlarged
section method, as shown in Equation (1):

N = 0.9ϕ
[

fc0 Ac0 + f ′y0 A′s0 + αcs

(
fc Ac + f ′y A′s

)]
(1)

where N is the design value of the axial pressure of the member after it was strengthened
(kN); ϕ is the stability coefficient of the member and is obtained according to the Code
for Design of Concrete Structures (GB50010-2010) [36] (see Table 7). Ac0 and Ac are the
concrete cross-sectional area before strengthening and the new concrete cross-sectional
area after strengthening of the member (mm2), respectively; f ′y0 and f ′y are the compressive
strengths of concrete before strengthening and concrete for strengthening of the members,
respectively (MPa). The cross-sectional area of the existing longitudinal bar in the original
column is Ac0 and the cross-sectional area of the strengthened longitudinal bar in the new
part (mm2) is A′s0; αcs is a comprehensive consideration of the new concrete and reinforce-
ment strength using the degree of the correction factor. The specification recommends that
ordinary concrete take αcs = 0.8.

Table 7. Stability coefficient of reinforced-concrete axially compressed members.

l0/b ≤ 8 10 12 14 16 18 20 22 24 26 28

l0/d ≤ 7 8.5 10.5 12 14 15.5 17 19 21 22.5 24

l0/i ≤ 28 35 42 48 55 62 69 76 83 90 97

ϕ 1.00 0.98 0.95 0.92 0.87 0.81 0.75 0.70 0.65 0.60 0.56

l0/b 30 32 34 36 38 40 42 44 46 48 50

l0/d 26 28 29.5 31 33 34.5 36.5 38 40 41.5 43

l0/i 104 111 118 125 132 139 146 153 160 167 174

ϕ 0.52 0.48 0.44 0.40 0.36 0.32 0.29 0.26 0.23 0.21 0.19

Note: l0 is the effective length of the member; b is the length of the short side of the rectangular section; d is the
diameter of the circular section; i is the minimum radius of gyration of the section.

With continuous research, materials for strengthening have become abundant. This
led to the fact that Equation (1) became inapplicable because of the inapplicability of αcs.
Chen [39] derived the value of αcs for bamboo-reinforced recycled concrete by experi-
menting with 0.5. Yang [40] used improved post-installed rebar to treat the interface and
concluded that the utilization factor αcs was higher for the added portion of reinforcement
and concrete with higher load capacity. This suggested that the existing studies also might
not be applicable to this paper. Therefore, the αcs again needed to be determined when using
all-light ceramsite concrete for reinforcement. This was the basis for establishing a formula
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for the axial compression of RC columns strengthened by the all-light ceramsite-concrete
enlarged section method.

To achieve this, the test values of C3–C6 were substituted into Equation (1). After
calculation, the αcs for these four specimens were 0.807, 0.849, 0.810, and 0.916, respectively.
This showed that αcs was significantly influenced by the interface treatment. Thus, consid-
ering the safety factor, αcs is recommended to take the value of 0.8 when using ceramsite
concrete for reinforcement in the relevant practical works. In addition, if the interface
treatment of implanting reinforcement and adding interface agent was planned to be used
at the same time, αcs could be set as 0.9 for calculation.

Additionally, the ratio of the ultimate bearing capacity after strengthening and the
ultimate bearing capacity before strengthening (PUCn/PUC1) was used to measure the
strengthening effect. The relationship between the reinforcement effect and αcs was es-
tablished as shown in Table 8 and Figure 11. The linear relationship between the two is
excellent and R2 is 0.99. This pointed out that the utilization of reinforced concrete and
reinforcing steel greatly affected the reinforcement effect.

Table 8. Relationship between interface handling method and αcs .

Test Number Interface Treatment Strengthening Effect αcs

C3 Chiseling 2.108 0.807

C5 Post-installed rebar 2.109 0.810

C4 Interfacial agent 2.199 0.849

C6 Post-installed rebar +
interfacial agent 2.327 0.916
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6. Conclusions

Based on the results and discussion presented above, the following conclusions can
be obtained:

(1) All-light ceramsite-concrete-strengthened concrete short-column specimens had ob-
vious ductile failure characteristics. All-light ceramsite concrete could enhance the
plastic deformation capacity of the strengthened short column, which could enhance
the safety performance of the strengthened short column. When the epoxy resin inter-
face agent was used, the damage process of the specimen was the slowest, and the
damage degree was the lightest. Its ductile damage characteristics were most obvious.
The ductile failure characteristics were relatively weak when the post-installed rebar
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alone was used. Ceramsite concrete, used as a layer for strengthening, could achieve
more excellent ductility than ordinary concrete.

(2) The combined interface treatment method had the largest impact on the reinforcement
effect, and the load-bearing capacity improvement ordered as follows: post-installed
rebar + epoxy resin interface agent, epoxy resin interface agent, post-installed rebar,
and chiseling. The ultimate load-bearing capacity was improved most significantly
when the bonding surface was post-installed rebar + epoxy resin interface agent. It
was 5.8% higher than when an epoxy resin interface agent was used and 19.7% higher
than when only post-installed rebar was used.

(3) The shear stress on the interfaces at the beginning of loading was mainly carried by
the bonding force of the new-to-old concrete itself. In the case of using post-installed
rebar + interface agent, the epoxy resin interface agent played a major role in the pre-
and mid-loading period by increasing the bond between new-to-old concrete. The
post-installed rebar started to function only in the mid- and late-loading period.

(4) The strain in the strengthening longitudinal bar at the beginning of loading was the
same as that in the existing longitudinal bar and increased linearly with the load.
The strain growth of the two was not synchronized in the late-loading period, and
the strain in the existing longitudinal bar grew rapidly and nonlinearly, while that
in the strengthening longitudinal bar continued to grow linearly. The failure of the
strengthened column specimen started from the existing concrete column. After the
existing concrete column was deformed significantly, the outer solids bulged and
cracked immediately afterward. Finally, the whole specimen lost its bearing capacity.

(5) The formula in the specification GB50367-2013 is also applicable to ceramsite concrete.
However, αcs needs to be adjusted appropriately because it is strongly influenced by
the interface treatment. Considering the safety factor, 0.8 is recommended when a
single interface treatment (chiseling, interface agent, implantation of reinforcement) is
used. When the interface treatment of implanting reinforcement and adding interface
agent is used at the same time, it can be set as 0.9 for calculation.
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