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Abstract

Structural steel installation

Seismic disaster investigations worldwide have revealed that a large number of reinforced concrete (RC) frame
structures have been damaged or even collapsed. However, most of these buildings exhibit minor or moderate dam-
age and can be repaired and strengthened. “Strong columns and weak beams, strong joints and weak components”
is the concept of seismic design of buildings, and the failure of beam-column joints and columns is considered
nonideal. For RC frame structures with damaged joints and columns, a method for repairing and strengthening dam-
aged frames by installing H-shaped steel and pouring grout is proposed. By applying a pseudo static load, a frame
structure specimen was damaged to simulate earthquake damage. After removing the crushed concrete, the dam-
aged frame was repaired by pouring grout. Then, the structure was further strengthened by installing H-shaped steel
on the columns using post-installed anchors. Through loading tests, seismic indices such as strength, deformation
capacity, energy dissipation and failure mode of the frame before and after strengthening were compared. The results
showed that the seismic performance of the repaired and strengthened frames exceeded that of the original frame,
and the failure mode of the frame changed from joint shear and column-end bending to ideal beam-end yielding.
Installing H-shaped steel and pouring grout could effectively strengthen the damaged frame, which provides a solu-
tion for repairing and upgrading damaged RC framed structures with a nonideal failure mode.

Keywords Frame structure, Joint failure, Reinforced concrete, Repairing and strengthening, Seismic damage,

1 Introduction

Strong earthquakes cause the damage or collapse of a
large number of buildings. Investigations on the 2008
Wenchuan earthquake showed that, except for a few
areas with building collapse or serious damage, buildings
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in most of the affected areas were lightly or moder-
ately damaged, belonging to the category of “repairable”
(Wang et al.,, 2011), and 38% of them could be repaired
and strengthened. From the point of view of the cost and
urgency of solving people’s living problems in disaster
areas, it is more reasonable to carry out “repairing and
strengthening” than “removing and rebuilding” for these
kinds of buildings (Moeini et al., 2022). For earthquake-
damaged buildings, “repairing” should not only ensure
safety in normal cases, but also ensure that the buildings
have sufficient seismic capacity in their subsequent work-
ing life (Cheng et al., 2024).

Reinforced construction (RC) frame structures are
the most common structural form of buildings in China
(Liu & Yang, 2020). The seismic code design concept
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emphasizes “strong columns and weak beams, strong
joints and weak members” (Han and Kang, 2023); there-
fore, beam-end bending failure in a frame structure
under seismic action is the expected failure mode at the
design stage. However, the formation of beam-end hinge
mechanisms has seldom been observed in earthquakes
in recent years, but a large number of joints or columns
in frame structures have been damaged (Sanada et al,
2009, Shafaei et al, 2014). For post-earthquake repair
and strengthening of damaged RC frame structures,
researchers have proposed methods, such as increasing
the cross section, pasting carbon fiber sheets (Islam et al.,
2024), bonding steel, and adding bracing (Truong et al.
2017, Liuet al., 2023). However, these methods only aim
at repairing and strengthening single members of beams,
columns or joints, and no relevant research has been
conducted on this nonideal damage form in which both
beam-—column joints and columns are severely damaged.

In this paper, for severely damaged RC frame struc-
tures at joints and columns, taking the beam-end yielding
mechanism as the objective, a repair and strengthening
method involving the combination of grout pouring and
H-shaped steel installation is proposed. A 1/2-scale two-
story, two-span RC frame was designed. Damage was
generated to the RC frame by applying cyclic static load-
ing to simulate a seismically damaged structure. Then,
the frame was repaired by removing the severely crushed
concrete and pouring grout into the parts where the con-
crete was removed. Moreover, the repaired frame was
strengthened by installing H-shaped steel on the inner
sides of the columns using post-installed anchors. The
repaired and strengthened frame specimens were loaded
again to verify the feasibility of the proposed method.
By comparing the seismic performance of the structure
before and after repair and strengthening, the strength-
ening effectiveness was analyzed. A solution is provided
for the repair and strengthening of seismically damaged
RC frame structures with nonideal damage modes.

2 Overview of Loading Tests

2.1 Specimen Design and Manufacture

Based on previous studies (Sashima et al, 2011, San-
ada et al,, 2013), a collapsed frame building in the 2009
Sumatra earthquake was taken as the prototype building
to design the specimen. The building and details of the
beam and column are shown in Fig. 1. In this building,
severe damage, e.g., buckling of the column longitudinal
reinforcement and core concrete crushing, was observed
in the joints. The significant characteristics of the build-
ing are that instead of 135° hooks, the hoops in the beams
and columns are 90° hooked, and the beam—column joint
areas contain no hoops. A 1/2 scaled two-story, two-span
specimen F is manufactured as shown in Fig. 2 (the frame
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Fig. 1 View and details of the target building
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(e) Section of the repaired and strengthened columns

Fig. 2 Specimens
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without H-shaped steel in the figure). The dimensions
are shown in Fig. 2a, and the cross sections and rein-
forcement details of the beams and columns are shown
in Fig. 2b and c. Similar to the prototypical building, and
hooks for the hoop reinforcement in the beams and col-
umns is 90°, and the joint area is not equipped with hoop
reinforcement. The mechanical properties of the con-
crete and reinforcement used in the specimens are shown
in Tables 1 and 2.

After it was subjected to cyclic static loads, specimen
F, which was used for simulating a seismically damaged
existing frame structure, was severely damaged and then
repaired and strengthened, forming specimen FR (ret-
rofitted frame), as shown in Fig. 1. The severely crushed
concrete in specimen F was repaired using grout, as
shown in Fig. 3, with the following steps: chipping away
the crushed concrete with an electric hammer, clean-
ing the surface where the concrete was chipped with an
air pump, installing the formwork for grout, wetting the
interface of the existing concrete, mixing and pouring the
grout, and then removing the formwork after 24 h curing.
The grout used is a kind of high-strength nonshrinkage
grout with a compressive strength of 54.6 MPa. Then, the
repaired specimen was further strengthened by install-
ing H-shaped steel with a size of 200x200x8X 12 next
to the existing columns. At the top and bottom of the
H-shaped steel, a steel plate was welded for connection
with the beams. As shown in Fig. 2a, horizontal stiffen-
ers were welded in pairs on some of the H-shaped steels,
with one pair for each steel adjacent to the right columns
and two pairs for each steel adjacent to the middle col-
umns, to study the effectiveness of the stiffeners on the
strengthening effect.

Table 1 Mechanical properties of the concrete (MPa)

Design Compressive Tensile Elastic modulus
strength strength strength
C40 579 293 3.57x10*

Table 2 Mechanical properties of the reinforcement and steel

Diameter (mm) Specification Yield stress Tensile
(MPa) strength

(MPa)

6 HPB300 4540 622.6

8 HRB400 464.8 684.6

10 HRB400 4173 5413

12 HRB400 479.0 623.0

10 Anchoring bar 3249 452.0

- H-shaped steel 263.2 426.0
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(b) Crushed concrete chipping (¢) Grout pouring
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with an electric hammer

L 2

Drilling holes at existing frame
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(d) Repair and strengthening process
Fig. 3 Repair and strengthening of the damaged of specimen F
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Fig. 4 Test setup

The H-shaped steels and the existing structure were
connected by post-installed mechanical anchors, fol-
lowed by wrapping with cement mortar, which were
double-rowed at the column side and staggered at the
beam side. The anchors were made of steel lead screws
with a diameter of 10 mm. The embedded depth of the
anchors in the existing structure was 12 d (d is the diam-
eter of the reinforcement) by referring Li et al. (2019).
A gap of 10 mm was reserved between the steel and the
existing structure for pouring grout after the H-shaped
steels were installed, as shown in Fig. 2d and e so that the
steel and the existing frame could be closely connected to
resist loads together. After repairing and strengthening,
the existing part of the specimen was painted white again
for easy observation of the cracks.

2.2 Test Setup and Loading Program

The test setup is shown in Fig. 4. The ground beam of
the specimen is fixed to the stiff ground through high-
strength steel rods, and a horizontal MTS hydraulic
actuator is connected to the top beam of the specimen
to apply cyclic static loads, defining the extending direc-
tion of the actuator as the positive loading and the con-
tracting direction as the negative loading. Constant axial
forces were applied to the columns using oil jacks, with
an axial force ratio of 0.1 to the middle column and 0.05
to the side columns, which was the same as the prototype
building.

The entire loading process was controlled by dis-
placement, as shown in Fig. 5, with one cycle at each
drift angle. The drift angle is defined as the ratio of the
extended or contracted length of the actuator to its
height from the top of the ground beam. Devices that
clamped the specimen in front and behind were set for
preventing out-of-plane displacement or collapse of the
specimen. The loading was stopped when the strength of
the specimen decreased to less than 85% of the maximum
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Fig.5 Loading program

value or when serious damage did not occur, preventing
further loading.

2.3 Measurement

The strains of the longitudinal reinforcement at the criti-
cal sections of the beams and columns and the H-shaped
steels at different height sections were measured using
pasting strain gauges. Displacement transducers were
arranged at the beam ends and joint areas of the first
floor to measure the beam rotations and joint shear
deformations. The concrete strain gauges were arranged
diagonally in the joint area of the first floor. In addition, a
crack width meter was utilized to measure the maximum
crack width at important locations when loading to the
peak displacement of each cycle.

3 Test Results

3.1 Experimental Phenomena

The crack patterns at the maximum strength (R=3%) of
specimen F, which represents the seismically damaged
frame, and specimen FR, which represents the repaired
and strengthened frames, are shown in Fig. 6. The final
crack patterns are shown in Fig. 7. The damage process is
as follows.

Specimen F: As shown in Fig. 7a, the first floor was
severely damaged at the bottom of the columns due to
yielding of the longitudinal reinforcement and crush-
ing and spalling of the concrete. The concrete in the
joint area was crushed and spalled, and several cracks
appeared at the beam ends, but the longitudinal rein-
forcement did not yield. The damage on the second floor
was less severe than that on the first floor, and the most
severe damage occurred at the top of the columns.

Specimen FR: The damage process of the repaired and
strengthened specimens is highlighted. At a drift angle
of R=0.25%, initial bending cracks appeared at the beam
ends, and during positive loading, microcracks appeared
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Fig. 7 Final crack patterns of the specimens

between the boundary of the steel end plate and the grout
at the bottom of the right and interior columns of the
first floor. At R=0.5%, microdiagonal cracks appeared at
the interior and right exterior joints of the second floor.
At loading to R=0.75%, microdiagonal cracks appeared
at the interior joint of the first floor, a few new bend-
ing cracks appeared at the bottom of the left and right
columns, and new diagonal cracks appeared at the left
exterior joint of the second floor. During the negative
loading direction, the top end plate of the H-shaped steel
at the left column of the second floor separated from the
grout. When the loading reached R=1.0%, the diago-
nal cracks at the strengthened zone of the left beam end
connecting the interior joint of the first floor expanded
significantly, the bending cracks at the ends of the right
beam widened significantly, and the bending cracks at
the left column increased. During loading in the posi-
tive direction, the bottom end plate of the steel beside
the interior column and the right column at the first
floor were rotated approximately 2 mm apart, separat-
ing from the grout, as shown in Fig. 8. At R=1.5%, the
diagonal cracks in the strengthened area where connect-
ing steels at the left beam of the interior joint at the first
floor further extended, the width of the bending cracks at
the new critical section (at the location of the H-shaped
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steel face) increased to 1.6 mm, and concrete crushing
occurred at the left end of the right beam and at the bot-
tom of the interior column. At R=2%, the crack width at
the boundary of the steel end plate of the right column
of the first floor and the grout increased to 8 mm, and
the concrete at the column bottom was slightly crushed.
All the strengthening steels were well connected to the
columns, the diagonal cracks at the joint area almost did
not expand, and the cracks at the beam critical sections
significantly expanded. At R=3%, the bending crack at
the end of the right beam of the first floor expanded to
2.7 mm, and the grout under the bottom end plate beside
the left column was crushed. The bottom end plates of the
interior and right column warped considerably. The diag-
onal cracks at the interior joint of the second floor wid-
ened. The maximum strength was recorded in both the
positive and negative loading directions, with the diago-
nal cracks in the exterior joints of the first floor almost
not expanding. Moreover, no H-shaped steels yielded. At
a drift angle of R=4%, the concrete at the bottom of the
right column of the first floor was crushed, and bending
deformation was observed at the H-shaped steel beside
the left column. The diagonal cracks at the top of the left
column of the second floor significantly widened. When
the loading reached R=5.5%, at the bottom of the first
floor of the interior column, the anchor bolt nuts con-
necting the end plate and the ground beam were pulled
off, and the strength of the specimen decreased to 88.9%
of the maximum value. Because the damage to the speci-
men was too severe, loading tests were stopped.

As shown in Fig. 7, the damage to the first floor of spec-
imen F was mainly concentrated in the joints and bottom
of the columns and concentrated in the top of the col-
umns for the second floor. For specimen FR, the damage
was mainly concentrated in the bottom of the columns,
the interior joint, and the beam ends of the first floor. For
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<« Fig.9 Load-displacement relationships and skeleton curves

the second floor, the damage was concentrated in the top
of the interior column, the left end of the left beam, and
the right end of the right beam. The connections between
the H-shaped steel and the existing frame remained tight,
and no significant buckling was observed on the steel.
The grout did not separate from the existing concrete by
maintaining intact bonding.

3.2 Hysteretic Behavior

The load—displacement relationship curves and the skel-
eton curves are shown in Fig. 9. Both specimens reached
the maximum strength at a drift angle of 3.0%, and speci-
men F was+201.9 kN and —205.5 kN. FR was+378.5
kN and —348.6 kN in the positive and negative loading
directions, respectively. After damaged specimen F was
repaired and strengthened, the strength considerably
improved by 87.5% and 69.6% in the positive and nega-
tive loading directions, respectively. The hysteresis curves
of the FR specimen were plumper, and the strength
decreased more slowly after reaching the maximum
strength, indicating a better deformation capacity.

4 Analysis of Test Results

4.1 Stiffness Degradation

The stiffness degradation is evaluated by the secant stift-
ness K by Tiam shirzadi et al. (2024), which is the ratio of
the sum of the absolute values of the positive and nega-
tive loads to the sum of the absolute values of the dis-
placements at the peak in each loading cycle, as shown
in Eq. (1):

_|+El+|-F

Ki=——,
[+Xi] + =Xl

(1)
where + and — are the loading directions, F, is the load at
the peak of the ith loading cycle, and X; is the displace-
ment at the peak of the ith loading cycle.

The results are shown in Fig. 10. The stiftness of speci-
men FR is always greater than that of specimen F, and
the stiffness of the structure significantly improved after
repair and strengthening. At the beginning of loading, the
stiffness of the two specimens degraded faster, and then
the trend of stiffness degradation remained the same.

4.2 Energy Dissipation Characteristics

The area surrounded by one hysteresis loop was used to
evaluate the energy dissipation capacity of the structure
(Ninget al.,, 2014). A comparison of the cumulative energy
dissipation Ea of the two specimens is shown in Fig. 11,
which reveals that the energy dissipation capacity of the FR
specimen was much greater than that of the F specimen.
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The equivalent viscous damping coefficient %, (He, et al,,
2023), which can be calculated via Eq. (2), reflects the
energy dissipation efficiency of the structure. The calcula-
tion schematic and results are shown in Figs. 12 and 13,
respectively. No large difference in the equivalent viscous
damping coefficient was observed, showing that upon
repairing and strengthening, the energy dissipation effi-
ciency remained almost unchanged:

1 SaBc+cpa)
e = 5
27 S(OBE+ODF)

(2)

where S 4pc.cpy) is the area of the hysteresis loop, and
Siose+opr) is the sum area of the two triangles, as shown
in Fig. 11.
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Fig. 12 Calculation diagram of the equivalent viscous damping
coefficient
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4.3 Joint Shear and Beam Bending Deformation

The joint shear deformation angle was calculated
according to Eq. (3) using the data from the diagonally
arranged displacement transducer in the joint area, as
shown in Fig. 14. The results of the left exterior and
interior joints at the first floor of the two specimens
are shown in Fig. 15. As shown in Fig. 15a, the shear
deformation at the exterior joint of specimen F barely
increase in the early loading stage and increased rap-
idly in the later stage. For specimen FR, the value was
always close to zero before R=3% and increased slowly
thereafter. Because the shear force applied to the inte-
rior joint in the loading process should be twice that
applied to the exterior joint, Fig. 15b shows that the
inhibitory effect of strengthening on the shear defor-
mation of the interior joint was worse than that on
the shear deformation of the exterior joint. However,
the values of FR were still lower than those of F, and
the inhibitory effect in the negative loading direction
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was greater than that in the positive loading direc-
tion. Hence, in practical engineering strengthening,
the strengthening design for interior joints needs to
be emphasized, such as the selection of a larger steel
section, to ensure the strengthening effect for interior
joints:

y = (3)

Va2 +b? (A + Ay
ab 2 ’

where 4 and b are the side lengths of the measured area
of the joint zone, as shown in Fig. 14, and A, and A, are
the data obtained from the displacement transducers.

The rotation angle of the beams at the first floor was
calculated based on Eq. (4) using the data measured by
the displacement transducers arranged horizontally in
pairs at the beam ends, as shown in Fig. 14. The results
are shown in Fig. 16:

A1+ Ay
0=—7— (4)
where A; and A, are the values measured by the upper
and lower displacement transducers at the beam end,
respectively, and / is the vertical spacing of the displace-
ment transducers.

As shown in Fig. 16, the rotation angle at the criti-
cal section of the beam in specimen F, that is, at loca-
tion A in Fig. 14, did not increase significantly with the
loaded displacement, indicating that no plastic hinge
was formed at the critical section of the beam. How-
ever, for specimen FR, the rotation angle at location B
increased continuously with loading, indicating that
the damage was concentrated in the new critical sec-
tion of the beam and that a plastic hinge was formed
after strengthening.
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4.4 Strain of the Concrete at the Joint Region

The strains of the concrete at the interior and right
joints of the first floor in specimen FR were measured
using strain gauges. The strains are shown in Fig. 17,
which are positive for tension and negative for com-
pression. At a drift ratio of R=1.5%, the tensile strain
at the right joint was 63,627 ue, and at R=2%, the ten-
sile strain at the interior joint area was 62,833 ue, which
was much greater than the ultimate tensile strain of the
concrete (100 ug). The maximum compressive strain of
the concrete at the joint areas of the first floor did not
exceed the ultimate compressive strain (3300 pe), and
the values were relatively small, indicating that the joint



Li et al. Int J Concr Struct Mater (2025) 19:11

0.06 — T T T T

0.05 —=—F specimen A position‘
' —*— FR specimen B position|

T 004 l

N

o 003} .

2 0.02} .

«

5 ooip .

-

S 000} .

[=}

& .01 .
20.02}F .

-4% -2% 0% 2% 4% 6%
Drift angle (%)

Fig. 16 Rotation angle at the left beam end connecting the middle
joint on the first floor

400 T

300
200
100

Strain (ne)
o

-100
-200

[—=— Middle joint
-300

-400 1 1 L 1 L
-3 -2 -1 0 1 2 3

Drift angle (%)

(a) Interior joint, 1% floor

400 T T
300 1
200 E
100 1
oF 4
-100 1
-200 | 4

300k —=— Right joint i

Strain (ne)

-400 1 1 1
-2 -1 0 1 2

Drift angle (%)

(b) Right exterior joint, 1% floor

Fig. 17 Strain in the concrete at the joint regions

Page 10 of 13

areas were effectively protected from shear failure after
repair and strengthening.

4.5 Deformation Behavior

The deformation behavior of the structure was evaluated
using the displacement ductility coefficient g4, which was
calculated as shown in Eq. (5):

_ Au
n= Ay’ (5)

where Ay and Ay indicate the ultimate and yield defor-
mations of the specimen, respectively.

The yield deformation adopts an equivalent yield dis-
placement, and the calculation method is shown in
Fig. 18, connecting the origin and point A correspond-
ing to 0.6P, on the skeleton curve and extending to the
line corresponding to P, to intersect with point B. The
displacement at point B is the yield displacement, which
is shown as 3, in the figure. The ultimate displacement
is at point D on the skeleton curve when the strength
decreases to 85%, which is shown as §, in the figure.

The ductility coefficient of specimen F was calcu-
lated to be 4.24. Since the strength of the repaired and
strengthened FR specimen did not decrease to 85% when
the loading tests were stopped but only to 89%, Au was
calculated to be 4.44 by using the displacement at the
time when the strength decreased to 89%. Thus, the
actual ductility coefficient of the FR should be above 4.44.
The deformation capacity of the frame was improved by
repair and strengthening.

4.6 Comparison of the Damage to the Left and Right
Exterior Joints

As shown in Fig. 2a, the stiffeners were not arranged in

the H-shaped steels connected to the left columns but

Skeleton curve
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0. 6Pu’ A
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Fig. 18 Fvaluation method of yield and ultimate displacement
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Fig. 19 Comparison of the shear deformation between the exterior
joints on the 1st floor of the FR specimen

rather in the right columns, with the main purpose being
to examine the necessity of arranging stiffeners. Fig. 19
compares the shear deformation of the left and right
exterior joints at the first floor of specimen FR, illustrat-
ing that the shear deformation of the right joint where
stiffeners were arranged in the H-shaped steel is smaller.
Moreover, the test showed that the bending deforma-
tion of the steel adjacent to the right column was less
than that of the other steels. Therefore, by arranging the
stiffeners, the steel could achieve a better strengthening
effect.

5 Analysis of Damage Patterns

The frame used to form an ideal beam-end bending fail-
ure mechanism was used for repair and strengthening.
According to the damage phenomena of the structures
and the deformation of the members, the failure pat-
terns of the two specimens were determined to evaluate
whether repair and strengthening were successful.

5.1 Second Floor

The final damage conditions of the areas around the right
knee joint and interior T-shaped joint on the second floor
of the two specimens are shown in Fig. 20. For the exte-
rior knee joints in Fig. 20a and b, the damage to specimen
F is concentrated at the column end where the concrete
is crushed. The maximum crack of the FR specimen is
located at the beam end, and the concrete is crushed. For
the interior T-shaped joints, as shown in Fig. 20c and d,
the tops of the columns in both specimens are severely
damaged. The failure pattern at the top of the second
floor of the frames can be determined as follows: for
the exterior columns, plastic hinges were formed at the
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(a) Right column top

(b) Right column top

in specimen F

in specimen FR

(c) Middle column top

(d) Middle column top

in specimen F in specimen FR

Fig. 20 Comparison of the final damage at the column top
of the second floor

column top before strengthening and were transferred
to the beam end after strengthening; for the interior col-
umn, plastic hinges were formed at the column top both
before and after strengthening.

5.2 First Floor

Severe damage to the column bottom at the first floor of
specimen FR was observed as shown in Fig. 21, with the
concrete crushed and peeling off. However, the H-shaped
steel did not yield as anticipated due to the warping of
the bottom plate which was connected with the lower fix-
ing stub as shown in Fig. 22. From the damage condition,
it can be concluded that plastic hinges were formed at the
column bottom of the first floor for the both specimens.
All the joints at the first floor of specimen F were severely
damaged by the formation of a joint hinge mechanism.
After repair and strengthening, although many thin
diagonal cracks appeared in the exterior joints of speci-
men FR, the main damage was concentrated in the beam
ends, with concrete crushing, longitudinal reinforcement
buckling, and the formation of plastic hinges at the beam
ends. For the interior joint area, both the beam ends and
the joint core area were severely damaged, but the joint
damage was controlled considerably compared with that
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(a) Left column bottom  (b) Right column bottom
Fig. 21 Final damage to the bottom of the columns in specimen FR

(a)Left column bottom,

(b) Right column bottom,

at negative loading at positive loading
Fig. 22 H-steel warping at the bottom of the column at the first floor

of specimen F, and the plastic hinge mechanism occurred
at the beam ends.

Overall, the plastic hinge positions of the structures are
shown in Fig. 23. After repairing and strengthening, the
first floor was transformed from joint hinging to beam-
end hinging. At the second floor, column-end hinging
was transformed to beam-end hinging for the exterior
columns, and transformation of the plastic hinge at the
interior column was not realized.

6 Conclusions

This study proposes a repair and strengthening method
for seismically damaged frames, involving grout injection
and the installation of H-shaped steel. By applying cyclic
static loads to a simulated seismically damaged frame
specimen and using the proposed repair method, the fol-
lowing main conclusions were drawn:
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Plastic hinge

(a) Specimen F

(b) Specimen FR
Fig. 23 Locations of the plastic hinges

+ Significant improvement: the repaired and strength-
ened frame showed considerable improvements in
strength, stiffness, energy dissipation, and ductil-
ity. Notably, it successfully avoided the joint-hinging
mechanism and bending failure at the top of the
exterior columns on the second floor.

+ Beam-end hinging mechanism: after repair, the plas-
tic hinge locations of the frame shifted from the
joint locations to the beam ends, indicating that the
strengthening effectively guided the location of plas-
tic deformation, contributing to the overall perfor-
mance of the structure.

+ Control of interior joint damage: although the
strengthening improved most damage situations,
severe damage still occurred at the interior joints on
the first floor, suggesting that further optimization of
repair and strengthening for interior joints is needed.

« Effectiveness of grout and H-shaped steel: the post-
poured grout maintained good bonding with the
existing concrete, and the installation of H-shaped
steel was securely connected with no significant
yielding or deformation. However, during the later
loading stages, nuts from the anchor bolts at the
base of the column fell off, indicating that this aspect
needs further improvement in future designs.
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