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Abstract: This study examines the seismic response characteristics of pre-
damaged recycled-aggregate concrete-encased rectangular steel tube
(RACFRST) columns. Four column prototypes underwent cyclic loading
experiments to assess the rehabilitation effectiveness of enveloped steel
jackets (ESJ) on seismically compromised members. Comprehensive analysis
of hysteresis characteristics, rigidity deterioration patterns, strength
degradation trends, energy dissipation mechanisms, deformation ductility, and
strain distribution was performed using experimental data. A dual-parameter
seismic damage evaluation framework was subsequently developed and
validated through experimental measurements. Findings revealed that ESJ-
retrofitted specimens demonstrated 23-37% enhancement in load-bearing
capacity, 18-29% improvement in initial stiffness, and 32-45% increase in
cumulative energy dissipation compared to reference specimens. The
efficiency of rehabilitation demonstrated a negative correlation with prior
damage severity, resulting in a 19% decline in efficacy as the initial damage
index rose from 0.3 to 0.6. The proposed damage assessment model yielded
indices ranging between 0.92-1.08 for retrofitted components, demonstrating
strong correlation with experimental observations. This validated
methodology enables quantitative seismic performance evaluation for ESJ-
strengthened RACFRST structural elements in post-earthquake rehabilitation
scenarios.

Keywords: Recycled-aggregate concrete-filled rectangular steel tube
(RACFRST), seismic-damaged, seismic damage model, enveloped steel
jackets (ESJ)

1. Introduction

As urbanization and reconstruction progress in China, significant amounts of waste concrete are
produced, contributing to environmental pollution and resource depletion. A promising solution to this
issue is the extraction of recycled aggregate concrete (RAC) from waste concrete to substitute natural
aggregate [1]. Utilizing recycled concrete aggregate (RCA) not only diminishes the need for natural
sand extraction, conserving resources, but also mitigates environmental harm [2-4]. Nonetheless, the
presence of old mortar in RCA influences its geometric properties, impacting the compressive and
tensile characteristics of RAC [5]. Moreover, micro-cracks formed during the crushing process
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introduce flaws in RCA, including diminished compressive strength [6-8], inferior ductility [9],
decreased workability and elastic modulus [10-12], and increased shrinkage and creep [13-14]. These
limitations restrict the use of RAC in structural engineering applications.

RACFST effectively addresses the detrimental effects of recycled aggregate on concrete's
mechanical performance while combining the benefits of concrete-filled steel tubes, including superior
capacity and seismic resilience, thereby expanding the potential applications of RAC in construction
[15-16]. As critical structural elements, RACFRST columns serve essential load-bearing roles in
buildings [17]. Their seismic behavior and failure mechanisms closely resemble those of conventional
CFST columns, making them viable for high-rise construction due to their structural similarities [18-
19].

The capacity of recycled-aggregate concrete-filled steel tube (RACFST) columns generally
diminishes as the substitution rate of RCA increases, primarily due to inherent defects in RCA, which
accelerate the onset of local buckling in the specimens. However, these mechanical deficiencies can be
effectively mitigated by incorporating materials such as fibers or geopolymers into the RAC mixture
[20-22]. Wang et al. [23] conducted axial load tests on 39 RACFST columns. Yang et al. [24]
investigated the structural behavior of slender rectangular RACFST columns under eccentric
compression, documenting their failure mechanisms and load-bearing characteristics. Chen et al. [25]
employed artificial neural networks, genetic expression programming, and multiple linear regression to
predict the compressive strength of RACFST columns, which provided valuable insights for the broader
adoption of RACFST. Yang et al. [26] explored the effects of RCA strength and diameter-to-thickness
ratios, finding that RACFST columns could achieve comparable failure modes, ductility, stiffness, and
energy dissipation to conventional CFST columns. Luo et al. [27] performed cyclic loading tests on
nine RACFST columns, creating a numerical model to evaluate the impact of RCA substitution rates,
steel content, axial compression ratios, and diameter-to-thickness ratios. Their results indicated that
compression-bending failure was the dominant mode, with axial compression ratios and steel content
having significant effects, while RCA substitution rates had minimal influence. Dong et al. [28] studied
high-strength RACFST columns, focusing on RCA replacement ratios, shear-span ratios, and axial
compression ratios. They observed that failure modes were similar to CFST columns, with load-bearing
capacity and ductility largely unaffected by RCA replacement ratios but significantly influenced by
shear-span and axial compression ratios.

Common seismic strengthening techniques include section enlargement, carbon fiber-reinforced
polymer (CFRP) sheets, buckling-restrained braces, and external steel jacketing (ESJ) [29-32]. While
section enlargement and buckling-restrained braces offer effective reinforcement, they often require
time-consuming modifications to structural dimensions. CFRP and ESJ methods preserve the original
dimensions but differ in effectiveness; CFRP struggles to enhance ultimate load-bearing capacity,
whereas ESJ improves both load-bearing capacity and ductility. Abdulrahman Salah et al. [33]
compared connected and disconnected steel sleeves, finding that connected sleeves significantly
enhanced load-bearing capacity. Rawaa Saadi Ibrahim et al. [34] noted that steel angles increased axial
load capacity, while steel strips provided lateral confinement, with ESJ improving seismic stability and
reducing strength degradation. Liu et al. [35] studied dry-type steel jackets. Kwan et al. [36] and Lai et
al. [37] proposed a theoretical model for circular steel jackets, demonstrating their ability to prevent
steel-concrete separation and enhance ductility in plastic hinge zones. Zhang et al. [38] addressed stress
lag in steel jackets by using steel hoops, which improved shear capacity and altered failure modes. Zha
et al. [39] found that ESJ significantly increased initial stiffness and ultimate load-bearing capacity,
especially when jacket thickness matched the steel tube wall thickness. Xu et al. [40] simulated
earthquake damage, repaired CFST columns, and tested them under cyclic loading, showing that ESJ
effectively restored seismic performance, with damage levels influencing reinforcement outcomes.
Despite these advancements, the seismic performance evolution and damage modeling of ESJ-
strengthened RACFRST columns, considering both RCA defects and pre-existing seismic damage,
remain underexplored and warrant further investigation.

This study examines the seismic behavior of ESJ-strengthened RACFRST columns. The research
aims to: (1) evaluate the seismic performance of ESJ-strengthened RACFRST columns and the
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feasibility of the ESJ method, and (2) develop a two-parameter seismic damage model to elucidate the
seismic damage behavior of these columns.

2. Experimental design

2.1. Specimen

Four 1/2-scale RACFRST columns were designed and fabricated for testing. The frame columns
featured an exposed base, with stiffening rib plates added to the bottom plate for reinforcement. The
steel tubes had a steel ratio of 8.5% for the section. The RAC was prepared according to the specified
mix ratio. After pouring, the specimens were cured in the laboratory environment for 28 days. Figure
1(a) illustrates the detailed configuration of the test specimens. Based on the code [41], the design
flexural capacity was calculated using Egs. (1) to (3), yielding a value of 56.4 kN-m.

M, =7.W fe 1)
ary

w, =2 2

=7 (2)

r, =(1-0.5p)(~0.4830+1.926 0 | 3

where, ym is the plastic development coefficient, W is the section modulus of flexural member, fs is
the design value of compressive strength, ro is theradius of equivalent circle, v is the void ratio, solid
components take 0, 4 is the hoop coefficient.

The experimental axial compression ratio is obtained by Eq (4), the calculated value is 0.26 [42].

N N
foA%+fyxAg

where, N is the actual axial load, As and A. are the cross-sectional areas of the steel tube and the filled-
in RAC, respectively, f. is the cubic compressive strengths of the recycled aggregate concrete, fy is the
yield strength of the steel tube.

Artificial simulation of seismic damage serves as the foundation for experimental studies. In
accordance with the Code for Seismic Design of Buildings (GB 50011-2010) [43], the interlayer
displacement angle was selected as the control parameter for different damage states. Specifically,
angles of 1/100 and 1/50 were used to represent moderate and severe damage, respectively. By
multiplying these angles by the column’s effective height (L = 1200 mm), the corresponding lateral
drifts were calculated as 12 mm for moderate pre-damage and 24 mm for severe pre-damage. Based on
the Standard for Design of Steel Structures (GB 50017-2017) [44], the height of the strengthening zone
was set to 660 mm, ensuring it was at least 2.5 times the column width. The ESJ method was chosen
for reinforcement due to its simplicity, adaptability, and ability to enhance structural load-bearing
capacity, stiffness, and ductility [45].

The ESJ was first welded to the base plate of the frame column to ensure integrated load transfer
[46]. Sealant was then applied to fill gaps between batten plates, followed by the addition of WJS
structural adhesive, which was cured for approximately seven days. A detailed illustration of the
strengthened specimen is provided in Fig. 1(b).

(4)

Table 1. Parameters of specimens

Specimen Number Damage degree Displacement angle Strengthened level
SEJS-0 1 Undamaged - No
SEJS-1 1 Undamaged - Yes
SEJS-2 1 Moderate damaged 1/100 Yes
SEJS-3 1 Severe damaged 1/50 Yes

The test variables included pre-damage levels (ho damage, moderate damage, and severe damage)
and the application of ESJ (with or without). The specimens were labeled as SEJS-0, SEJS-1, SEJS-2,
and SEJS-3. SEJS-0 served as the undamaged and unstrengthened control specimen, while SEJS-1 was
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strengthened without prior damage. SEJS-2 and SEJS-3 were subjected to 12 mm and 24 mm
displacement to simulate moderate and severe damage, respectively, before being reinforced with ESJ.
Table 1 summarizes the specimen parameters.

w0

Concrete

Steel tube
o
o
=
R=32
t=20
Y00 \N
(a) The contrast specimen
Batten plate:
Angle steel: 86mm>&0mm>4mm
L63mm>4mm
]1001
500
LlGO

(b) The ESJ-strengthened specimen

Fig. 1. Specimen construction. (Unit: mm)

2.2. Material properties

When the replacement rate of RCA reached 50%, the mechanical properties of RACFRST columns
exhibited the most pronounced changes [47]. Consequently, this study adopted a 50% replacement rate,
meaning half of the coarse aggregate’s mass was substituted with RCA. Table 2 presents the physical
characteristics of the RCA. In line with the Specification for Mix Proportion Design of Ordinary
Concrete (JGJ 55-2011) [48], the mixture proportions for the RAC included cement (420 kg/m3, sand
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(561 kg/m3, natural coarse aggregate (569.3 kg/m3, recycled coarse aggregate (569.3 kg/m3, and water
(205 kg/m%. Following the Standard for the Test Methods of Concrete Physical and Mechanical
Properties (GB/T 50081-2019) [49], standard cube specimens were tested for static compressive
strength, yielding a measured value of 40.12 MPa. Additionally, Q235B-grade steel tubes were used,
and their mechanical properties were evaluated in accordance with code [50]. The test results are
summarized in Table 3.

Table 2. Physical properties of RCA

Aggregate Grading Water Apparent Crushing Mass ratio of
type (mm) absorption(%) density(kg/m®) index (%) residual mortar(%)
RCA 10-20 4.53 2689.44 9.45 37.69

Table 3. Material properties of steel plates

Material Thin Yield strength Tensile strength Elastic modulus
t/mm fy IMPa fi{MPa E/MPa
Steel tube 4 312 446 2.02x10°
Angle steel 4 342 419 1.93x10°
Batten plate 4 325 406 2.05x10°
Stiffening rib plate 10 393 462 1.92x10°
Base 20 344 424 2.01>10°
WSJ structural glue - - 33 2500

2.3. Loading device and loading system

The loading setup and procedures were designed [51]. After pre-damage and strengthening, the
specimen was secured to the base using eight M30 high-strength bolts, while the base itself was
anchored to the rigid floor with ground anchor bolts. The loading configuration is illustrated in Fig. 2.

To apply and maintain a constant axial load on the columns, a hydraulic jack was used. A hydraulic
actuator with a stroke of 150 mm delivered the horizontal cyclic load. The entire loading process was
conducted under cyclic conditions, with control based on the interlayer displacement angle R(R = 4/L,
A is the horizontal displacement at the column top and L is the effective column height). Initially, a
single cycle was performed at R= #0.0025rad, #0.005rad, £0.0075rad. Afterwards, the three cycles
were performed at the R=+0.01rad, #0.02rad, #0.03rad, £0.04rad, £0.05rad. The test was terminated
when the horizontal cyclic load (ultimate load) dropped below 85% of the peak load or the specimen
could no longer sustain the load. The loading system is depicted in Fig. 3.

Rigid ground

Fig. 2. Test loading device.

2.4. Test setup
000076-5
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During the experiment, strain gauges were utilized to measure the strain distribution on the
specimens, with data recorded using a computer and strain meter. The gauges were positioned on both
the front and back surfaces: gauges 1#, 2#, and 3# were attached to the front, while 4#, 5#, and 6# were
placed on the back. The detailed layout of the strain gauges is illustrated in Fig. 4.

0.06

L

B@F

R

0.02
- #(1#)
2 0.00 5#(2#)
0.02 6#(3#)
0.04 %30
008 5I 10 115 % 25 30
Fig. 3. Test loading system. Fig. 4. Strain gauge of ESJ. (Unit: mm)

3. Description of the failure process

The positive direction corresponds to the actuator moving forward, while the negative direction
indicates reversed loading. The side batten plates of the ESJ are numbered sequentially from top to
bottom as 1, 2, 3, and 4.

The failure mode of specimen SEJS-0 is shown in Fig. 5 (a). At R=20.0075rad, the yield strain
was happened. By the third cycle at R=30.01rad, all strain gauges surpassed the yield strain. During the
first cycle at R=#0.02rad, slight bulging appeared on the front and back sides, which recovered after
unloading. By the third cycle at R=40.03rad, the bulges became permanent, and slight bulging emerged
on the two sides. At R=40.04rad, irreversible elephant leg-like bulging occurred, and the horizontal load
dropped below 85% of the peak load, leading to specimen failure.

The failure mode of specimen SEJS-1 is shown in Fig. 5 (b). During the third cycle at R=40.01rad,
cracks formed at the ESJ-steel tube seal, accompanied by structural glue cracking sounds.
At R=40.02rad, all strain gauges exceeded the yield strain, and cracks expanded. By the third cycle
at R=#0).02rad, slight bulging appeared between batten plates 3 and 4 on the front and back, which
flattened under reverse loading. At R=20.03rad, bulges enlarged, and cracks formed at the weld between
batten plate 4 and angle steel on the left and right sides. By the third cycle at R=20.03rad, cracks
extended, and angle steel separated from the steel tube. At R=20.04rad, bulges increased further, batten
plate 4 tilted, and welds fractured, causing the horizontal load to drop below 85% of the peak load and
resulting in specimen failure.

The failure mode of specimen SEJS-2 is shown in Fig. 5 (c). Similar to SEJS-1, cracks appeared
at the ESJ-steel tube seal during the third cycle at R=#0.01rad. At R=#0.02rad, all strain gauges
exceeded the yield strain, and cracks expanded. By the third cycle at R=20.02rad, slight bulging
occurred between batten plates 3 and 4. At R=40.03rad, bulges became permanent, and cracks formed
at the weld between batten plate 4 and angle steel. By the third cycle at R=40.03rad, cracks extended,
and angle steel separated from the steel tube. At R=20.04rad, batten plate 4 detached on the front side,
and cracks expanded further, leading to specimen failure as the horizontal load dropped below 85% of
the peak load.

The failure mode of specimen SEJS-3 is shown in Fig. 5 (d). Cracks appeared at the ESJ-steel tube
seal during the third cycle at R=20.01rad. At R=30.02rad, all strain gauges exceeded the yield strain,
and slight bulging occurred between batten plates 3 and 4. At R=20.03rad, bulges enlarged, and cracks
formed at the weld between batten plate 4 and angle steel. By the second cycle at R=40.03rad, cracks
extended to batten plate 2. At R=20.04rad, cracks expanded further, and ESJ deformation increased,
causing the horizontal load to drop below 85% of the peak load and resulting in specimen failure.
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(a) SEJS-0 (b) SEJS-1 (c) SEJS-2 (d) SEJS-3
Fig. 5. Damage pattern of specimen.

Compared to the original specimen, the ESJ-strengthened specimens exhibited reduced bulging
and no elephant leg-like deformation. Failure in these specimens primarily occurred at the welds
between the angle steel and batten plates. For SEJS-1, cracks in the ESJ were mainly concentrated at
the weld connecting the column base and the 4# batten plate. In contrast, SEJS-2 and SEJS-3 displayed
wider cracks in the ESJ, which extended further upward.

4. Experimental results and analysis

4.1. Hysteretic loop curve

The hysteresis curves for specimens SEJS-0 to SEJS-3 are illustrated in Fig. 6. The yield load (py),
ultimate load (Pm), and failure load (P,) are denoted by black solid triangles, black solid pentagrams,
and black solid squares, respectively. At storey drift angles (R) below 0.01 rad, all specimens remained
in the elastic stage, exhibiting a nearly linear load-displacement relationship. Once R reached 0.01 rad,
the specimens entered the elastic-plastic stage, surpassing their yield points. Failure occurred when R
exceeded 0.04 rad.

All hysteresis curves displayed a full, shuttle-like shape without any pinching effect. This behavior
is attributed to the confinement provided by the ESJ and steel tube, which placed the RCA under triaxial
compression. The pre-damage and RCA defects did not induce pinching in the curves.

Compared to SEJS-0, the ultimate load capacities of SEJS-1, SEJS-2, and SEJS-3 increased by
29.9%, 26.3%, and 6.4%, respectively. The hysteresis curves of the strengthened specimens were fuller,
with larger loop areas, demonstrating that the ESJ enhanced load capacity, ductility, and energy
dissipation. Additionally, the seismic performance of the strengthened columns not only recovered but
also surpassed their pre-damage levels.
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(a) SEJS-0 (b) SEJS-1
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Fig. 6. Hysteresis curves.

4.2. Skeleton curve

The skeleton curves are shown in Fig. 7. Initially, the strengthened specimens exhibited steeper
slopes compared to SEJS-0, indicating that the ESJ contributed to stress distribution early in the loading
process and enhanced initial stiffness. For undamaged and moderately damaged specimens, the ESJ
significantly improved initial stiffness due to its effective reinforcement. However, this improvement
was less pronounced in severely damaged specimens.

150

® vield point¢”
100 |- e Plastic point- e N Pma 1/3Ke
© Damage point<' : : y i
80 et oo P - ........... ............ Pu N } ;
| |
-y Py | |
GO e | }
A } }
S50 } }
. : \
; | — SEIS-0 — SEJS-1 ! |
2100 foo- ST e i O B \ \
| — SEJS-2  —+ SEIS-3 ! |
‘ : , ; \
150 i i i i i } I Pu=0.85pma
006  -004  -0.02 0.00 0.02 0.04 0.06 | |
R/rad s 1 | .
y Rmax Ru
Fig. 7. Skeleton curves. Fig. 8. The slope factor method.

4.3. Ductility analysis

Ductility, which reflects the plastic deformation capacity of structural components, significantly
influences their seismic performance. The displacement ductility coefficient is defined as u=Ru /Ry,
where Ru is the failure storey drift angle and Ry is the yield storey drift angle. In this study, the slope
factor method [52] was used to identify the characteristic points of the specimens (see Fig. 8). The Ry
was determined as one-third of the initial stiffness (Ke), with the corresponding load designated as the
yield load (Py). Additionally, Rm represents the maximum storey drift angle, Pmax denotes the
ultimate load, Ru signifies the failure storey drift angle, and Pu indicates the failure load. Table 4
summarizes the key characteristic points.

The ductility coefficients of the ESJ-strengthened specimens were higher than those of the
unstrengthened control specimen (SEJS-0), demonstrating that the ESJ effectively enhanced ductility.
Compared to SEJS-0, the ductility coefficients of SEJS-1, SEJS-2, and SEJS-3 increased by 29.2%,
26.4%, and 7.9%, respectively. Notably, the degree of ductility improvement was inversely related to
the level of pre-damage.
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Table 4. Load and displacement of the specimen at the characteristic point

. Yield point Extreme point Failure point U Pmax
. Loading . .
Specimen direction Py Ry Pmax Rmax Pu Ru U improvement improvement
/kN [rad /kN . frad /kN [rad rate/% rate/%

positive 73.6 0.0103 925 0.0203 78.6 0.0373

SEJS-0  negative 67.5 0.0102 83.2 0.0200 70.7 0.0348 3.52 - -
average 70.6 0.0103 879 0.0202 74.7 0.0361
positive 93.5 0.0112 110.8 0.0303 94.2 0.0479

SEJS-1  negative 87.1 0.0112 117.6 0.0297 100.0 0.0461 4.55 29.2 29.9
average 90.3 0.0103 114.2 0.0300 97.1 0.0470
positive 93.6 0.0108 102.4 0.0268 87.0 0.0446

SEJS-2  negative 87.6 0.0112 1195 0.0283 101.6 0.0459 4.45 26.4 26.3
average 90.6 0.0102 111.0 0.0276 94.3 0.0453
positive 73.5 0.0103 93.6 0.0207 79.6 0.0388

SEJS-3  negative 745 0.0102 93.3 0.0207 79.3 0.0390 3.80 7.9 6.4
average 74.0 0.0103 93.5 0.0207 79.5 0.0389

4.4. Energy dissipation capability analysis

The energy dissipation capacity is quantified by the area enclosed within the hysteresis loop. Two
metrics, the energy dissipation coefficient (E) and the equivalent viscous damping coefficient (he), are
used to assess this capacity. As illustrated in Fig. 9, Ei represents the area enclosed by the hysteresis
loop ABCD, while E; corresponds to the combined areas of triangles OBE and ODF. The formulas for
calculating E and he are as follows:

E,=E,/E, )
h,=E/(27) 6)

Fig. 9. Diagram of energy dissipation coefficient E.

The E and he for each specimen at various loading stages are presented in Fig. 10. As depicted,
both E and he exhibited a continuous increase across all specimens. Additionally, these coefficients for
the strengthened specimens showed an inverse relationship with the degree of pre-damage.

Compared to the original specimen, the energy dissipation capacity of the ESI-strengthened
specimens improved significantly. During the yield stage, the E and h. values of the strengthened
specimens exceeded those of SEJS-0, demonstrating that the ESJ contributed to energy absorption and
deformation at this stage. At this point, the energy dissipation coefficients of the strengthened specimens
were nearly identical, suggesting that pre-damage had minimal impact on their energy dissipation
performance. In the peak and failure stages, the E and h. values of the ESJ-strengthened specimens
remained higher than those of SEJS-0, indicating that the energy dissipation capacity of RACFRST
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columns, regardless of pre-damage levels, could recover or even surpass their original performance
after ESJ strengthening.

3.0 05
[ JSEIS-0[_]SEIS-1 B [ |SEJS-0[__]SEJs-1 _
[_sEis-2[  ]SEJS-3 ] [ ]sEJs-2[  |SEJS-3 T

25+ oal

20 F
03

Tistk B & T

0.2

10
01+

05
0.0 -

Yield stage Peak stage Damage stage Yield stage Peak stage Damage stage
(a) Total energy dissipation (b) Equivalent viscous damping coefficient

Fig. 10. Different stages of total energy dissipation and equivalent viscous damping coefficient.

4.5. Bearing capacity degradation

To evaluate the degradation of bearing capacity, the bearing capacity degradation coefficient (4)
was introduced. This coefficient is defined as the ratio of the maximum horizontal load in the third cycle
to that in the first cycle under each displacement level. The calculation formula is provided in Eq. (7),
and the degradation curve is illustrated in Fig. 11.

/7“| = P3,i / Pl,i (7)

where Ps; represent the peak load of the third cycle at the ith loading displacement respectively; P1;
represent the peak load of the first cycle at the ith loading displacement.

181 Fast phase —=— SEJS-0
16 —e— SEJS-1
—4— SEJS-2
4r Relative fast —v—SEJS-3
el lzr phase
S0t
2 gl
- > Slow phase
A ° 6 L
7 oss| = SEJS0 v
—e—SEJS-1 4t
" —4—SEJS-2 oL \
|-+ sEis3
~0.04 002 000 0.02 0.04 8_00 002 oo o
e R/rad
Fig. 11. Load bearing curves. Fig. 12. Stiffness degradation curves.

Compared to the unstrengthened control specimen, the strengthened specimens exhibited
higher Zi values, demonstrating that the ESJ effectively delayed the degradation of load-bearing
capacity. Additionally, the strengthened specimens showed fluctuations during the degradation process,
attributed to the ESJ's energy absorption, which slowed the formation of plastic hinges and the
subsequent decline in capacity. In the later loading stages, these fluctuations diminished as the ESJ
sustained damage in the plastic-hinge region, reducing its confinement effect and causing a rapid
decrease in bearing capacity.
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4.6. Stiffness degradation

The overall stiffness degradation of the specimens is described by quoting the secant stiffness (Ki).
Secant stiffness calculation formula is shown in Eq (8). Fig. 12 shows the stiffness degradation curves
of each specimen.

3 3
Ki :ZPU/ZRU (8)
i=1 i=1
where Pj; represents the maximum loading force of the i-th cycle at the j-th stage; and the Ry represents
the interlayer displacement angle of the i-th cycle at the j-th stage.

As the storey drift angle increased, the secant stiffness of all specimens progressively declined.
Initially, stiffness decreased rapidly, followed by a slower reduction phase. The degradation process for
all specimens transitioned through rapid, moderately rapid, and slow stages. The strengthened
specimens exhibited higher secant stiffness compared to SEJS-0, demonstrating that the ESJ effectively
delayed stiffness degradation, with the extent of delay inversely related to the degree of pre-damage.
During pre-damage, the steel tube and RAC in the plastic-hinge region of SEJS-3 experienced more
severe damage than in SEJS-1 and SEJS-2, leading to distinct stiffness degradation curves. However,
the ESJ had minimal impact on delaying stiffness degradation in severely damaged specimens.

4.7. Strain analysis

Since strain changes in the elastic stage were negligible, strain analysis focused on the yield, peak,
and failure stages. Fig. 13 illustrates the strain curves for each specimen at these stages, highlighting
their variations.
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Fig. 13. Strain in each stage of specimen.

The confinement provided by the ESJ and steel tube restrained bulging and RAC crushing,
resulting in relatively flat strain curves for SEJS-1 to SEJS-3. Across all stages, the strain values of ESJ-
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strengthened specimens were lower than those of SEJS-0, indicating that the ESJ participated
throughout the loading process and effectively suppressed deformation. At failure, the strain values
followed the order: SEJS-1 < SEJS-2 < SEJS-3, showing that failure deformation increased with pre-
damage severity, though not linearly. Comparing SEJS-3 and SEJS-1, their strain values and trends
were similar, with SEJS-3 slightly higher. This suggests that ESJ strengthening can partially restore
load-bearing capacity lost due to seismic damage, but its effectiveness is limited and cannot
fundamentally alter the component’s failure mode. Enhancing the seismic performance of such
components requires improvements in structural design.

5. Seismic capacity evaluation of ESJ-strengthened seismic-damaged RACFRST columns

According to the above experimental result, it could be found that the seismic capacity of seismic-
damaged RACFRST columns was significantly degraded after earthquake. Although the ESJ
strengthening could compensate for the loss of seismic capacity to a certain extent, it is extremely
difficult to grasp and describe the degree of remediation. Currently, the normalized seismic damage
model, which incorporates maximum deformation and cumulative energy dissipation, is widely used to
assess the seismic performance of structural components. Among these, the Park-Ang model is
particularly prevalent, with its formula provided in Eq. (9) [53].

D=%+ﬁ E,
f,0,

S,
where Jm is the maximum deformation of the member under reciprocating load; d is the ultimate
deformation under monotonic load; g is the energy dissipation factor of the member; fy is the yield
strength of the structure or member; and E is the total energy consumed by member from loading to
destruction. The calculation formula of energy dissipation factor is:

B =(-0.447+0.0732+0.24n+0.314p ) x 0.7 (10)

where n is the axial compression ratio; 4 is shear span ratio of the member; pi is the longitudinal steel
reinforcement ratio; pw is the volume hoop ratio of the member.

While Egs. (9) and (10) are commonly applied to calculate the seismic damage index for RC
structures, the model has limitations in its boundary conditions and lacks in-depth consideration of
seismic damage severity and the confining effect of steel tubes in plastic hinge regions. To address these
issues, the boundary conditions were refined, and an energy dissipation factor was introduced,
accounting for seismic damage levels and the confining effect of the steel tube. This factor is crucial
for evaluating the seismic capacity of ESJ-strengthened, seismically damaged RACFRST columns. The
modified Park-Ang model and its energy dissipation factor are expressed as follows:

(9)

1) E

D=(1—ﬂ)—m+ﬂ—h (11)
5, f,(8,-5,)

B =(-0.447+0.0731+0.24n+0.314p, +aD, +C)x 0.7 (12)

where Jy is the yield deformation of specimen under monotonic loading; « is the influence coefficient
of the pre-damaged degree; D, is the interlayer displacement angle corresponding to the pre-damaged
degree; C is a constant; other parameters have the same meaning as the parameters in Eq (9) and Eq
(10).

Inevitably, the seismic action will lead to the hooping effect in the plastic hinge area of RACFRST
columns. The acquisition of the longitudinal binding force (pi) and the circumferential binding force
(ow) in this region is the prerequisite for determining the parameters of Eq (11) and Eq (12). According
to the equivalent action, the following calculation formula could be obtained.

Seismic actions inevitably induce a confining effect in the plastic hinge regions of RACFRST
columns. Determining the longitudinal (o) and circumferential (pw) binding forces in this area is
essential for calculating the parameters in Egs. (11) and (12). Based on the principle of equivalent action,
the following formulas were derived:
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f
b= % (13)
T, (d-2)
P, = . (14)

T
S f(d ~2t)’

where p and pw represent the longitudinal and circumferential binding forces of the steel tube,
respectively; fy is the yield strength of steel tube; As and Ac are the area of steel tube and area of core
concrete; d is the edge length; t is the wall thickness. fy; and fu, are the longitudinal stress and
circumferential stress in the plastic hinge region of the damaged RACFRST column under earthquake,
respectively, which are calculated by Eqgs (15)~(18).

[1+(—0.054§2 +0.4¢)(24/1, )“5} f

(-1.254+2.254,1+7.94 F [ -21,/1,)

where fy is the ultimate compressive strength; f; is the lateral pressure, as shown in Eq (16); ¢ is the
confining coefficient, as shown in Eq (17); f. is axial compressive strength of concrete.

f, = (15)

f, =2tf, /(d-2t) (16)

E=AfI(AL) (17)
From simultaneous Eqgs (15) to (17), the following relationship is obtained:

fyzI +f2 - ffun = fy2 (18)

The seismic damage index (D) at the time of failure in Eq (11) is equal to 1.0, and the specific
value of the energy dissipation factor (f) is inversely calculated, as shown in Table 5.

Table.5 Experimental values of energy dissipation factor calculated by modified Park-Ang model

Loading direction SEJS-1 SEJS-2 SEJS-3
Positive 0.025 0.023 0.021
Negative 0.018 0.020 0.018

To determine the specific values of the unknown parameters in Eq (12), the data in Table 3 were
substituted into Eq (12) by the method of undetermined coefficients. Therefore, the calculation formula
of energy dissipation factor that considers pre-damaged degrees and steel tube’s hooping effect is as
follows:

p= (—O.447+0.073/1+O.24n +0.314p, —0.09D, —0.045)><O.7pw (19)

To further study the application of Eq (12) in Eq (11), the experimental data were substituted into
Eq (11) and Eq (12), and the seismic damage indexes of specimens SEJS-1~SEJS-3 were calculated as
0.965, 0.980 and 1.002, respectively. As shown by the result, the established seismic damage model of
ESJ-strengthened RACFRST columns is feasible and can be used to quantitatively evaluate the seismic
capacity of such components.

6. Conclusion

The effectiveness of ESJ in strengthening seismically damaged RACFRST columns was
investigated through horizontal cyclic loading tests. The following conclusions were drawn:

(1) The failure patterns of RACFRST columns under cyclic loading resembled those of RACFST
columns, with elephant leg-like bulging in the plastic hinge region. However, the ESJ confined bulging
to the area between its bottom plates, preventing severe deformation. The ESJ significantly delayed the
onset and progression of bulging.
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(2) Compared to the control specimen, ESJ-strengthened specimens exhibited higher ultimate load
capacities and greater ultimate strains.

(3) The ultimate load capacities increased by 25.4%, 25.0%, and 6.2%, while ductility indices rose
by 25.7%, 20.0%, and 5.7%, respectively. The strengthening effect diminished with increasing seismic
damage severity.

(4) Considering the influence of pre-damage severity and the steel tube’s confining effect,
regression analysis was performed on the energy dissipation factor () and pre-damage levels. A
mathematical expression for £ was derived, and the modified Park-Ang model’s damage index at failure
approached 1.0, accurately reflecting the damage behavior of ESJ-strengthened RACFRST columns.
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