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Abstract
This study investigates the seismic performance of a two-bay, two-story reinforced concrete (RC) framed structure and pro-
poses a retrofitting strategy by removing a column and strengthening the adjoining beams and columns using RC jacketing 
and post-tensioning tendons. Experimental testing and numerical simulations are conducted to assess the effectiveness of 
the retrofitting method. The experimental results indicate that the retrofitted RC frame exhibits enhanced lateral stiffness and 
shear force resistance, resulting in reduced shear deformation compared to the existing RC frame. However, the two frames’ 
ductility and energy dissipation characteristics remain similar. Notably, failure in the retrofitted frame occurs primarily in the 
second-story beam–column joint, whereas the original frame experiences failure at the ground-floor beam–column joints. 
Furthermore, a numerical macro-based finite element model is developed in OpenSEES, validated with experimental data, 
and utilized for a parametric study. The numerical findings suggest that retrofitting is suitable when the axial compression 
ratio of the second story’s side columns is kept below 0.52. Attention should be given to the size of the retrofitted columns 
to avoid compromising the upper floor’s structural integrity, as the retrofitting process may result in a softer upper floor. 
It is essential to regulate the dimensions of retrofitted columns and ensure that the elastic lateral stiffness of the retrofitted 
story is greater than the upper story. In this case, a 350 and 300 mm column depth had acceptable performance. Overall, this 
study provides valuable insights into the seismic performance of retrofitted RC-framed structures. The findings emphasize 
the importance of appropriate column sizing and maintaining adequate lateral stiffness to enhance retrofitted buildings’ 
structural integrity and seismic resistance.

Keywords Structural retrofitting · Strengthening · RC frame · Column removal · Post-tensioning · Crack pattern · 
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Introduction

With advancements in society and economics, the archi-
tectural demands placed on buildings in densely popu-
lated cities have evolved, necessitating additional space. 
Kaveh and Rahami (2006) investigated optimized struc-
tural design to increase precision and efficacy in utilizing 
materials. Kaveh (2014) stated that the method of finite 
elements can be utilized effectively for optimal structural 
analysis. After thoroughly investigating the correct seismic 
design of frame structures using numerous methodologies, 
it was determined that optimal structural design is cost 
effective (Kaveh and Nasrollahi, 2014). When assessing 
the static, dynamic, and stable behavior of symmetric and 
regular structures, Kaveh and Khayatazad (2013) focused 
on efficient approaches to identify Eigen solutions for 
matrices. The techniques apply to symmetric and regu-
lar structures and structures with additional or deleted 
members.

Retrofitting existing framed structures by removing 
columns and masonry walls has become a practical and 
cost-effective solution. However, if appropriate reinforcing 
measures are not implemented, the removal of columns 
can result in progressive collapse or intolerable defor-
mations (Abdelrahman, 2023a; Huang et al., 2023; Lan 
et al., 2023; Yang et al., 2022; Zheng et al., 2022). There-
fore, it is necessary to reinforce the beams located above 
the removed columns as well as the adjacent columns to 
ensure the structural stability of the building.

There are two commonly utilized methods for remov-
ing a column in structural retrofitting. The first approach 
involves converting the beam directly above the column 
into an underpinning beam, similar to a transfer girder. 
The second approach entails converting the stories directly 
above the removed column into truss systems (Yang et al., 
2018). Various methods have been developed to enhance 
the flexural and shear resistance and the stiffness of under-
pinning beams. These methods include section enlarge-
ment, which involves increasing the cross-sectional area 
of reinforced concrete (RC).

Additionally, external prestressing or post-tensioning 
techniques can be employed, along with the use of exter-
nally attached plates (Abdelrahman, 2023b; Adhikary & 
Mutsuyoshi, 2006; Gläser & Löffler, 2018). The use of 
externally bonded plates and strips for structural strength-
ening has undergone notable advancements in recent years. 
It has progressed from steel plates to fiber-reinforced 
polymers (FRPs) and, more recently, to fabric-reinforced 
cementitious matrix composites. These advancements 
signify the continuous development and improvement in 
strengthening techniques (Al-Zaid et al., 2012; Matthys & 
Triantafillou, 2001). These materials, known for their high 

tensile strength, are applied to the tension side of struc-
tural components to improve their load-bearing capacity.

Additionally, strengthening RC columns through methods 
such as section enlargement using RC jacketing, or a com-
bination of steel angles and battens, has gained popularity 
due to their effectiveness in enhancing strength and stiffness. 
Tarabia and Albakry (2014) investigated the strengthening 
of RC columns using steel angles (steel cage) and strips and 
observed an increased axial load capacity in the columns 
after reinforcement.

Campione (2012) conducted research comparing analyti-
cal formulations for calculating the load-bearing capacity of 
RC columns strengthened with steel strips and angles. The 
suggested formulations consider the contribution of trans-
verse strip confinement effects to the overall strength. Salah 
et al. (2022) investigated the response of axially loaded 
L-shaped RC columns strengthened using steel jacketing. 
Such columns often require reinforcement in various sce-
narios, such as increased stories, changes in building func-
tion, design errors, or construction difficulties.

Currently, RC jacketing is the most widely used method 
for reinforcing and retrofitting weak or damaged RC columns 
(Habib et al., 2020). This method effectively restores and 
enhances reinforced concrete columns’ stiffness and load-
bearing capacity in earthquake-prone regions. The signifi-
cance of this methodology lies in its capacity to significantly 
increase the load-carrying capacity, strength, and stiffness of 
any column section without necessitating specialized labor 
or time-consuming installation procedures. Furthermore, 
it provides uniform distribution of additional lateral resist-
ance throughout the building (Akin & Sezer, 2016; Liu et al., 
2016; Moustafa, 2012). The need for increased structural 
capacity in RC-framed structures arises from various fac-
tors, including seismic retrofitting, concrete degradation, 
design or construction errors, changes in building usage, 
and stricter code requirements (Chu et al., 2022; Taham-
ouliRoudsari et al., 2019). Reinforcing concrete jacketing 
enables the augmentation of structural components beyond 
their initial state, which proves particularly valuable when 
the original strength is insufficient to support anticipated 
loads (Arya et al., 2014).

Several completed projects have successfully removed 
columns from existing buildings and retrofitted the beams 
and columns above the removed column and adjacent 
columns. Chu Mingjin (2007) proposed three strengthen-
ing schemes for Hongkou Hotel after removing a column: 
post-tensioning transfer beam, Vierendeel truss system, 
and steel braces. Aimin and Yanhe (2006) utilized the pre-
stressed technique to retrofit a public building with a two-
story basement and seven stories above, strengthening the 
beam above the removed column with external and internal 
prestressed strands. Pratik Shah (2016) used the preload-
ing approach (post-tensioning method) to retrofit a 24-story 
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building by removing a column between the first and sec-
ond floors. Although removing a column from an existing 
building and retrofitting the beams and columns above the 
removed column and adjacent columns have been imple-
mented in several completed projects, there is still a limited 
amount of research and experimental studies investigating 
the seismic performance of retrofitted RC frame structures. 
Therefore, this study aims to conduct a static cyclic test and 
finite element analysis on a retrofitted RC framed structure 
after removing a column from the middle and retrofitting the 
beam above the removed column and neighboring columns 
using post-tensioning and RC jacketing.

The present study involves the construction of a two-bay, 
two-story retrofitted RC framed structure and an alternative 
RC frame for experimental assessment. The first specimen 
represents the existing RC frame, while the second repre-
sents the retrofitted RC frame after removing the middle 
column from the ground story. The beam above the removed 
and adjacent columns is strengthened using post-tensioning 
and RC jacketing. The specimens are subjected to steady 
vertical gravity and cyclic lateral loading throughout the 
testing process. The study comprehensively examines the 
seismic response of the two frames, considering factors such 
as failure mode, crack patterns, hysteresis loops, stiffness 
degradation, and energy dissipation capacity. The research 
includes developing and validating macro-based finite ele-
ment models for parametric analyses. Based on the findings, 
suggestions regarding seismic behavior and recommenda-
tions for implementing reconstruction efforts are provided.

Experimental program

In this section, the experimental program has been discussed 
in detail.

Specimen design

The specimens used in this study were obtained from a four-
story RC frame structure. The structure consisted of six 
spans and two bays, each span and bay length of 7.5 m. The 
overall height of the structural floor was 3.6 m. The columns 
had a cross-section size of 600 × 600 mm, while the beams 
had a cross-section size of 360 × 600 mm.

Regarding gravity loads, each story of the structure was 
subjected to a uniform load of 3.6 kN/m2, while the roof 
had a uniform load of 2.0 kN/m2. Furthermore, a live load 
of 2 kN/m2 was accounted for in all stories. The structure 
was designed per the seismic design requirements specified 
in the Chinese national earthquake design code (GB50011, 
2010). The building was situated in a seismic design Cat-
egory II region, where the seismic design intensity was rated 
at 7 degrees. This intensity level corresponds to a maximum 

ground acceleration of 0.1 g. These specifications ensure the 
structure represents a typical reinforced concrete frame in a 
seismic-prone area. This study aims to investigate the seis-
mic performance of the retrofitted RC frame after column 
removal and reinforcement measures are implemented using 
samples from this structure.

Existing frame specimen

A downscaled specimen of a two-bay, two-story RC frame 
was derived from the prototype structure, employing a 1:3 
scaling factor. Figure 1 shows the geometric dimensions and 
reinforcement specifications of the original frame. The pro-
totype structure had a span length of 2500 mm and a story 
height of 1200 mm. The beams possessed cross-sections 
measuring 120 mm in width and 200 mm in depth, while the 
columns had cross-sections of 200 mm in width and 200 mm 
in depth. An additional ground beam with 400 × 450 mm 
dimensions was constructed to ensure stability and provide 
a secure foundation. All structural elements were encased 
with a 20-mm-thick layer of concrete.

Figure 1 displays the reinforcement details, highlight-
ing the configuration of longitudinal rebars in the beams 
and columns. Specifically, the beams’ bottom and top lon-
gitudinal rebars comprised 2Ø10 bars, while the columns 
were reinforced with 4Ø10 bars. The spacing of stirrups was 
modified in the beams’ plastic hinge zone. It ranged from Ø6 
with an 80 mm center-to-center spacing to 160 mm in the 
middle span. Regarding the columns, Ø6@80 mm hoops 
were installed uniformly along their height.

Retrofitted frame specimen

The first step to retrofit the existing RC frame involved 
removing the middle ground floor column and converting the 
two-bay beam into a transfer beam. The transfer beam was 
reinforced and strengthened by employing post-tensioning 
techniques and enlarging the RC section. These measures 
were implemented to ensure compliance with serviceabil-
ity requirements and limit state design criteria. However, if 
the axial compression ratio of the removed middle column 
exceeded 0.3, the design approach indicated that the transfer 
beam would either need to be substantially larger, resulting 
in a significant decrease in ceiling height, or require exces-
sive reinforcement without altering the section depth. As 
a result, utilizing the transfer beam to support the upper 
stories was only practical when the removed column had a 
minor axial compression ratio. Alternatively, options such 
as implementing a truss system transfer story or reinforcing 
the beams above the removed column on each story could 
be considered. In this particular design, the latter option was 
chosen.
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Figure 2 illustrates the retrofitting scheme that was imple-
mented, wherein a section of the load applied at the top of 
the middle column on the second story was directly trans-
ferred to the side columns of the ground floor. This trans-
fer resulted in a substantial increase in the axial load borne 
by the side columns. To accommodate the load transmitted 
through the middle column of the second story, the ground-
story beam acted as a transfer beam, experiencing the bend-
ing moment and shear force due to gravity. The beams, col-
umns, and joints also needed reinforcement to enhance their 
lateral stiffness and prevent the ground story from becoming 
a soft story during horizontal seismic action.

To accomplish this objective, the design process encom-
passed the following essential steps:

1. A thorough evaluation of the beam’s existing condition 
was carried out to ascertain the suitability of implement-

ing post-tensioning. This assessment aimed to determine 
if the beam was structurally sound and capable of sup-
porting increased loads with the aid of post-tensioning.

2. The post-tensioning system was meticulously designed 
to meet the beam’s required strength and load capacity. 
This entailed determining the optimal number and size 
of the tendons, selecting appropriate anchorage points, 
and establishing the necessary tensioning force. The 
post-tensioning tendons were employed in conjunction 
with an enlarged cross-section through scaling and addi-
tional reinforcing rebars. Typically, the tendons extend-
ing beyond the original section were anchored to the 
structure at designated anchor points, generally situated 
at the beam’s ends.

3. A hydraulic jack was utilized to apply a gradual tension-
ing force to the tendons. It was crucial to incrementally 

Fig. 1  Existing RC frame specimen geometry and reinforcement details: a overall frame, b Sections 1–1, c Sections 2–2, and d Sections 3–3 (All 
units in millimeters)
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increase the tension force to prevent potential damage 
to the beam or tendons during the process.

4. The tendons were securely anchored at the beam’s ends, 
generating a compressive force that enhanced the beam’s 
structural capacity. Specialized anchor plates were 
employed for the tendon anchorage.

5. The cross-sectional dimensions of the two side columns 
supporting the transfer beam were enlarged using RC 
jacketing. This reinforcement technique was applied to 
enhance the lateral stiffness of the ground story, thereby 
increasing its resistance to horizontal forces.

Figure 2a showcases the retrofitted frame (RF) speci-
men, which closely resembles the existing frame (EF) 
specimen in terms of span length and story height. 

However, a notable distinction is observed in the ground 
story of the RF specimen, where the middle column has 
been eliminated. “The cross-section of the retrofitted 
column, achieved through RC jacketing, is presented in 
Fig. 2b. The retrofitted column includes 4Ø20 bars as lon-
gitudinal reinforcement and Ø6@80 mm stirrups. With 
an RC jacket of 75 mm thickness, the cross-section of 
the column has effectively increased to 350 × 350 mm. 
Moreover, the concrete and grouting materials used in the 
experiment exhibited compressive strengths of 31.1 MPa 
and 40.1 MPa, respectively, as determined through testing 
standard cubes. For further details regarding the material 
characteristics of the steel reinforcement, concrete, and 
steel strands, refer to Table 1.”

Fig. 2  Geometric measurements and reinforcement detailing of the retrofitted RC frame specimen: a overall frame, b Sections 4–4, and c Sec-
tions 5–5 (All units in millimeters)
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Test setup and instrumentation

Figure 3 illustrates the configuration of the cyclic test. 
“The specimens were anchored to the strong ground floor 
using high-strength bolts at both ends. Prior to applying 
horizontal loading, two rods were vertically prestressed 
between the strong foundation and a loading beam in each 
bay. The loading beam was supported by a spread beam 
at the top of the two columns. This setup allowed the pre-
stressed load to be converted into vertical load acting on 
the top of the columns, resulting in an axial compression 
of 162 kN in the center column and 97 kN in the side 
columns. To prevent the vertical weight from affecting 
the horizontal movement of the frame, roller support was 

placed in the gap between the loading and spread beams. A 
servo-controlled hydraulic actuator with a loading capac-
ity of 1000 kN was horizontally installed onto the reac-
tion wall. This actuator was connected to the top of each 
specimen through loading plates secured by four horizon-
tal rods.

As shown in the upper left inset of Fig. 3, a tension/
compression load cell measuring 500 kN was positioned 
between the actuator and the loading plate to measure the 
applied horizontal load, whether in tension or compres-
sion. Displacement transducers, such as the one shown in 
the upper right inset of Fig. 3, were attached to the ends 
of the beams to measure the drift of each story. The data 
recording frequency was set at 0.5 Hz.”

Table 1  Mechanical properties 
of materials

Tension stress � = 0.7Fyt = 1302 (MPa) was applied to the tendons to control the tension in the beam 
cross-section

Steel rebar Diameter (mm) Yield strength 
(MPa)

Ultimate strength 
(MPa)

Elastic 
modulus 
(MPa)

Ø 6 6 490.1 677.02 2.00 ×  105

Ø10 10 478.5 652.73 2.05 ×  105

Ø14 14 467.9 629.42 2.10 ×  105

Ø20 20 453.2 638.83 2.0 ×  105

Tendons 15.2 1580 1860 1.95 ×  105

Concrete Compressive strength F_cu (MPa) 30.0
Grouting material 40.0

Fig. 3  Cyclic loading test setup 
of the specimen
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The testing procedure and loading protocol

During each testing phase, the four vertical rods within 
each bay, as depicted in Fig. 3, were initially prestressed 
to induce the desired axial compressions in the middle and 
side columns. Subsequently, the specimens were subjected 
to horizontal cyclic loading until failure occurred. The axial 
compression ratios at the ground story’s center and side col-
umns, as per the original design of the RC frame, were 0.26 
and 0.16, corresponding to axial compressions of 162 kN 
and 97 kN, respectively.

A quasi-static displacement control loading procedure 
was adopted to apply horizontal loading to the specimens, 
as shown in Fig. 4. “The loading displacement history was 
designed to incrementally increase the deformations expe-
rienced by the specimens throughout the test. At each dis-
placement level, two complete reverse cycles were applied. 
Following the guidelines outlined in the specification for 
seismic testing of structures JGJ/T 101 (2015), the pre-yield 
displacement was increased in 2 mm increments until reach-
ing the displacement corresponding to the yield of the struc-
tural resistance. Subsequently, the post-yield displacement 
was increased by estimated increments (∆y) until the point 
of failure, defined as the load being reduced to 85% of its 
peak value.”

Experimental results

When subjected to the loading conditions described in the 
preceding section, the primary failure modes observed in the 
specimens were localized at the beam–column connections. 
Specifically, failure occurred at the regions where plastic 
hinges formed in the beams and at the column ends. These 
critical locations experienced notable stress concentra-
tions, making them susceptible to failure under the applied 
loading.

To accurately assess the seismic performance of the 
frames, two key experimental data sets are crucial: “the 
hysteresis behavior and the envelope curves. The hysteresis 
behavior provides valuable insights into the degradation 
of lateral stiffness and the energy-dissipation capability of 
the frames.” The top portions of the hysteresis curves are 
particularly important, as they allow for the derivation of 
the frames’ energy-dissipation capacity. By analyzing these 
curves, one can understand the deterioration of the frames’ 
lateral stiffness and their ability to absorb seismic energy.

Global behavior and local failure mechanism

EF specimen

During the initial displacement cycle of 6 mm, with an 
applied force of 36.63 kN, minor cracks were observed on 
the right beam, indicating the initiation of localized damage. 
As the displacement increased to 8 mm, corresponding to a 
load of 43.6 kN, the first crack appeared at the right column 
of the ground story, indicating the onset of yielding in the 
column. Subsequently, additional cracks developed in both 
the left and right beams of the ground story, as evidenced 
by the crack patterns observed at a displacement of 16 mm 
in Fig. 5a.

At a displacement of 16 mm, strain gauge measurements 
indicated the first yield of the longitudinal reinforcement 
located at the right end of the ground-story beam. The dis-
placement continued to increase until it reached a maximum 
of 32 mm. However, it was observed that the rate of load 
increase substantially decreased within the displacement 
range of 20–32 mm. This decrease in load increase rate was 
attributed to the crushing of concrete and the formation of 
plastic hinges at the beam ends. Consequently, after reaching 
the initial 32 mm displacement, subsequent displacements 
were incrementally increased at approximately 20 mm inter-
vals for further testing and analysis.

Fig. 4  Cyclic loading time his-
tory (mm)
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The maximum force of 95.04 kN was recorded at a dis-
placement of approximately 48.82 mm. The test was termi-
nated when the imposed displacement reached 102.2 mm, 
and the load dropped to 81.5 kN, representing around 85% of 
the peak load. Severe crushing of the concrete was observed 
at the beam ends, resulting in significant concrete spalling 
and degradation of the structural stiffness, as depicted in 
Fig. 5b. Similar crushing was observed at the first-story col-
umns’ bottom ends, as illustrated in Fig. 5c.

RF specimen

Upon applying a vertical load to the specimen, no cracks 
were detected in the post-tensioned beam or any other struc-
tural components. This observation indicates that the retro-
fitted frame specimen operated within the normal function-
ing and serviceability limits.

During the horizontal loading process, the structure 
exhibited elastic behavior until reaching a displacement of 
8 mm. However, as the displacement increased to 10 mm, 
the first crack emerged in both the right and left columns of 

the second floor, accompanied by a shear load of 99.09 kN. 
Subsequently, at a displacement of 12 mm, minor cracks 
appeared in the beam–column joints, coinciding with a load 
of 108.6 kN. Figure 6a illustrates these observations, depict-
ing slight cracks in the strengthened post-tensioned beam 
and at the bottom of the strengthened ground story columns.

Following the 20 mm displacement, subsequent incre-
ments of 12 mm were imposed. The peak load of 132.27 kN 
was achieved at a displacement of approximately 36.24 mm. 
As the applied displacement reached 62.2 mm, the load 
decreased to 84.46 kN, which accounted for less than 85% 
of the maximum load. At this point, severe crushing of the 
concrete and buckling of longitudinal rebars were observed 
at the bottom of the second-story columns, as depicted in 
Fig. 6e. However, the ground story post-tensioned beam and 
columns remained within the serviceability state until the 
end of the test. This outcome underscores the effectiveness 
and efficiency of the retrofitting technique. Additionally, due 
to the failure of the second-story columns, the specimen 
experienced a significant decrease in stiffness, prompting 
the termination of the testing.

Fig. 5  The EF specimen exhibited the following crack patterns 
and failure mechanisms: a the positions of localized failures; b the 
crack pattern at the end of the right beam at a lateral displacement 
of 16  mm; c the failure at the beam ends at a lateral displacement 

of 102 mm, including concrete spalling and stiffness degradation, and 
d the failure in the column at a lateral displacement of 102.2  mm, 
affecting the bottom ends
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Hysteretic response and envelope curves

The hysteretic curve is an essential analytical tool for struc-
tural engineers to understand the behavior of a structure 
under cyclic loading. It plays a crucial role in evaluating 
the performance of a structure during seismic events or 
extreme conditions and guiding necessary improvements to 
enhance its resilience and safety. In this study, hysteretic 
curves of the EF and RF specimens were obtained and are 
presented in Fig. 7a, b. The observed hysteretic curves of 
both specimens exhibited similar characteristics. Initially, 
the response was elastic during the loading stage, with the 
loading stiffness closely resembling the unloading stage. The 
hysteretic curves displayed a shuttle-shaped pattern with a 
small, enclosed hysteresis loop area. As the displacement 
increased, the enclosed area of the hysteresis loop expanded, 
indicating an increase in energy dissipation by the speci-
mens. The hysteresis loops exhibited a pinching phenom-
enon attributed to rebar slip, plastic hinge formation, and 
concrete cracking. Successive cycles of a specified displace-
ment level reduced the specimens’ stiffness and strength, 

indicating material damage and beam–column joint failures. 
Specifically, severe damage was observed in the second-
story column bottoms of the RF specimen, resulting in sig-
nificant reductions in structural strength and stiffness within 
the hysteresis curve, particularly in the negative phase.

Envelope curves were generated by connecting the peak 
points of the first cycle’s hysteretic curves at each loading 
level in the same direction. Figure 8a illustrates the envelope 
curves, which exhibited similar shapes in both positive and 
negative directions, indicating the symmetry of the shear 
performance of the specimens.

According to the specification for seismic testing of 
structures JGJ/T 101 (2015), various parameters such as 
the yield load (Py), maximum load (Pmax), ultimate load 
(Pu), and displacement ductility can be calculated from the 
envelope curve. Since the envelope curves did not exhibit 
a distinct yield point, the yield load (Py) and correspond-
ing yield displacement (Dy) were determined using the 
reciprocal area method, as shown in Fig. 8b. The peak load 
(Pmax) corresponded to the maximum load on the envelope 
curve. In contrast, the ultimate load (Pu) accounted for 

Fig. 6  The crack patterns and failure mechanisms observed in the RF 
specimen are summarized as follows: a the positions of localized fail-
ures within the specimen; b the crack pattern observed at the end of 
the second-story column at a lateral displacement of 10  mm; c the 
crack pattern observed in the post-tensioned ground-story beam at a 

lateral displacement of 20  mm; d the crack pattern observed in the 
retrofitted column of the ground story, and e the failure of the second-
story column and associated concrete spalling at a lateral displace-
ment of 62.16 mm
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85% of the maximum load and corresponded to the ulti-
mate displacement (Du). The displacement ductility factor 
(µ) of the specimens was defined as the ratio of ultimate 
displacement (Du) to yield displacement (Dy). Table 2 pro-
vides an overview of the specimens’ peak load, displace-
ment characteristics, and ductility factor.

Lateral stiffness degradation

During cyclic loading, the stiffness of specimens gradually 
decreases as the lateral displacement increases, a phenom-
enon referred to as stiffness degradation. Understanding 
stiffness degradation is essential for predicting structures 
and components’ long-term performance and reliability in 

Fig. 7  The hysteresis curves of the tested frame specimens: a The EF specimen and b The RF specimen

Fig. 8  Envelope curve of the specimens: a envelope curve of the EF and RF specimen, and b principle of area reciprocity

Table 2  Summary of the 
envelope curve and the ductility 
factor of the specimens

Specimen Yield point Peak point Ultimate point Ductility factor

Py (kN) Dy (mm) Pmax (kN) Dmax (mm) Pu (kN) Du (mm) µ

EF 75.64 19.29 95.04 48.82 80.78 102.11 5.29
RF 105.42 10.45 132.27 36.24 112.42 57.2 5.48
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engineering design and analysis. The secant stiffness JGJ/T 
101 (2015) is employed as a parameter to represent the spec-
imens’ stiffness at each loading stage and evaluate the stiff-
ness degradation characteristics in RC frames under cyclic 
loading. The secant stiffness is calculated using Eq. (1).

where Pi and −Pi are the lateral force of the specimen at 
the peak of the first cycle in each stage in the positive and 
negative directions, respectively, and Di and −Di are the cor-
responding lateral displacements in the positive and negative 
directions, respectively.

The evolution of stiffness degradation can be quantified 
and analyzed using the secant stiffness, providing valuable 
insights into the structural behavior and aiding in design 
considerations and retrofitting strategies. The secant stiff-
ness K and lateral displacement of the specimens are shown 
in Fig. 9. The RF specimens exhibited an initial (i.e., Kmax) 
almost two times that EF specimen because of retrofitting 
measures. As the lateral displacement increased, the stiff-
ness of both specimens exhibited a reduction. However, it 
was notable that the RF specimen demonstrated a faster rate 
of stiffness degradation than the EF specimen. This acceler-
ated degradation can be attributed to the severe failure of 
the second-story columns at the bottom, which significantly 
impacted the overall stiffness of the RF specimen.

Energy dissipation capacity

Energy dissipation in a structure is a crucial parameter 
determining its ability to absorb and dissipate energy dur-
ing seismic events or cyclic loading (Abdul Ghafar et al., 
2022a). It reflects the structure’s capability to undergo 

(1)K =
||Pi

|| + ||−Pi
||

||Δi
|| + ||−Δi

||
,

inelastic deformations while effectively reducing the trans-
mitted energy. Evaluating the energy dissipation of speci-
mens provides valuable insights into their seismic perfor-
mance. The energy dissipation of the specimens can be 
quantified by measuring the area enclosed by the hysteretic 
loops (Abdul Ghafar et al., 2022b). This area represents the 
energy absorbed and dissipated during cyclic loading. Two 
commonly used metrics to assess energy dissipation are the 
energy dissipation coefficient (E) and the equivalent viscous 
damping coefficient ζe JGJ/T 101 (2015).

The energy dissipation of the specimens is measured from 
the area enclosed by the hysteretic loops using the energy 
dissipation coefficient E or the equivalent viscous damping 
coefficients ζe JGJ/T 101 (2015). A larger enclosed area in 
the hysteretic loop indicates a higher value of E or ζe, sig-
nifying enhanced energy dissipation characteristics, and is 
calculated as:

where S(ABC+CDA) is the dissipated energy in a loading cycle 
on the hysteresis curve, and S(OBE+DOF) is the energy con-
sumed by a linear elastic body equivalent to the specimen, 
defined by the areas surrounded by the triangles OBE and 
DOF , as shown in Fig. 10a.

In this study, the ζe was used to determine the energy dis-
sipation capacity of both specimens, as shown in Fig. 10b. 
The EF specimen energy dissipation was measured higher 
than the RF specimen in the inelastic region, but both speci-
mens exhibited the same energy dissipation in the elastic 
region. This information aids in designing and analyzing 
structures to ensure their resilience and ability to withstand 
seismic events.

Numerical simulation

Due to the limited number of specimens available for testing 
and the need to thoroughly investigate the influential param-
eters of the renovated frame, a numerical analysis was con-
ducted using a macro-based finite-element technique. This 
analysis aimed to explore the effects of these parameters and 
provide a comprehensive understanding of their impact on 
structural behavior.

For this purpose, the numerical analysis was performed 
using OpenSEES (Open System for Earthquake Engineering 
Simulation), an open-source software framework developed 
by McKenna (2011). OpenSEES is widely recognized and 
utilized in earthquake engineering due to its ability to simu-
late the behavior of structures subjected to seismic ground 
motions. It offers a robust platform for conducting accurate 
and reliable numerical simulations.

(2)E =
S(ABC+CDA)

S(OBE+DOF)

, or �
e
=

1

2�

S(ABC+CDA)

S(OBE+DOF)

,

Fig. 9  Stiffness degradation curves
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To validate the findings obtained from the experimen-
tal testing, finite element models of the tested specimens 
were developed within the OpenSEES platform. Figure 11a, 
b showcases the overall numerical models, denoted as 
Model-1 and Model-2, representing the EF and RF speci-
mens, respectively. These models serve as valuable tools 
for further analysis and understanding of the structural 
response and performance under various loading scenarios. 
By combining experimental and numerical approaches, a 
comprehensive evaluation of the renovated frame’s behavior 
and effectiveness can be achieved, contributing to improved 
design and retrofitting strategies.

Numerical modeling techniques

Element type

In the OpenSEES library, two element types are primar-
ily employed for the accurate nonlinear modeling of rein-
forced concrete and steel structural elements. The first type 
is the force-based beam–column element, which employs 
an iterative force-based formulation. The second type is the 
displacement-based beam–column element, which adopts 
a displacement formulation and incorporates the spread of 
plasticity along the element (Balan et al., 1997; McKenna, 
2011; Neuenhofer & Filippou, 1997). Displace-based fiber 
elements were used to model the retrofitted beam and col-
umns, featuring ten Gauss–Legendre integration locations 
along their length. Meanwhile, force-based fiber elements 
were employed to represent the existing RC beam and col-
umns, each comprising five Gauss–Legendre integration 
locations along its length. The section stress results at the 

integration locations along each element were computed by 
discretizing the fiber section.

It was crucial to consider certain types of inelastic defor-
mations to accurately capture the localized inelastic defor-
mations at the member end regions and accurately represent 
the associated structural response and damage. One signifi-
cant deformation observed in the beam–column interfaces is 
the fixed-end rotation of beams. This deformation occurs due 
to longitudinal bar slippage from the joint panels or one of 
the columns at the column-footing regions. Zero-length-sec-
tion elements were incorporated into Model-1 at the beam 
end regions and the bottom of the ground-story columns 
to account for these effects. In contrast, zero-length-section 
elements were only added to the second-story columns and 
beams in Model-2, as the ground-story beam and columns 
were retrofitted and did not exhibit plastic hinge formation.

This approach ensured that the modeling accurately rep-
resented the observed deformations and behavior of the ret-
rofitted structure. Each element with a zero-length section is 
defined by the force–deformation relationship specified by 
the section’s properties.

Post‑tension tendons element modeling

In OpenSEES software, tendons can be modeled using two 
approaches depending on the level of detail and complexity 
required for the analysis (Lu et al., 2016; McKenna, 2011).

(1) Equivalent truss element approach: Tendons are mod-
eled as equivalent nonlinear truss elements in this 
approach. The tendons are discretized into smaller 
segments, and the properties of each segment, such as 

Fig. 10  The energy dissipation of the specimens: a the definition of the energy dissipation coefficient, and b the energy dissipation coefficients 
of the EF and RF specimens
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cross-sectional area, material properties, and prestress 
force, are assigned. Using appropriate boundary condi-
tions, the equivalent truss elements are connected to the 
structural members they interact with, such as beams 
or columns. This approach provides a simplified rep-
resentation of the tendon behavior and is suitable for 
preliminary analysis.

(2) Cable element approach: This approach involves mod-
eling tendons as cable elements. Cable elements are 
specialized elements in OpenSEES that can represent 
the behavior of tension-only elements. Each tendon is 
defined as a series of interconnected cable elements, 
which can more accurately simulate the force–displace-
ment relationship of the tendons. The cable elements 
consider the nonlinearity of the tendon material and 
can capture the effects of elongation, slip, and stress 
relaxation. This approach is more suitable for detailed 
analysis and can provide a more realistic representation 
of tendon behavior.

Both approaches require defining the material properties, 
prestress forces, and tendon geometry in the input file of the 
OpenSEES model.

This study utilized the equivalent truss and cable element 
approaches to model tendons in the OpenSEES software. 
The equivalent beam element approach was employed to 
simplify the tendon behavior in specific analyses. This 
approach discretized the tendons into smaller segments and 
assigned properties such as cross-sectional area, material 
properties, and prestress force. These equivalent truss ele-
ments were then connected to the structural members they 
interacted with, such as beams or columns.

Additionally, the cable element approach was imple-
mented to capture the detailed behavior of the tendons in 
more comprehensive analyses. This approach modeled the 
tendons as a series of interconnected cable elements, tak-
ing into account the nonlinearity of the tendon material 
and considering effects such as elongation, slip, and stress 
relaxation. The cable elements provided a more accurate 

Fig. 11  Numerical models of 
the specimens: a Model-1 for 
the EF specimen and b Model-2 
for the RF specimen

(a)

(b)
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representation of tendon behavior and were particularly use-
ful for capturing the complex interaction between tendons 
and the surrounding structural elements.

By combining both approaches, this study examined ten-
don behavior at different levels of detail and complexity, 
allowing for a more comprehensive understanding of the 
structural response.

Material model for concrete

In order to accurately represent the tensile strength contri-
bution of concrete, the Concrete02 uniaxial material model 
from the OpenSEEs library (McKenna, 2011) is employed, 
as shown in Fig. 12. This model incorporates the phenom-
enon of linear tension softening that occurs during tensile 
loading. It also takes into account the influence of closed 
steel hoops on the confinement of concrete, allowing the 
concrete fibers to represent both confined and unconfined 
conditions. The compressive strength of confined concrete 
is 25.1 MPa, while the compressive strength of unconfined 
concrete is 30.73 MPa. By utilizing this material model, the 
behavior of concrete under various loading conditions can be 
accurately simulated and analyzed. “It is supposed that the 
elastic modulus of the tensile branch, denoted by the ( Et ), 
has the value of toEt = ft∕0.002 , where ft = 0.70

√
f
�

c is the 
tensile strength of the concrete, and f ′ c , is the compressive 
strength of the concrete. The crushing strength measures 
out to be0.40f ′ c . In addition to this, the ratio ( �) between 
the unloading slop should be determined. For confined and 
unconfined concrete, the strain at the compressive and crush-
ing strengths is calculated as − 0.002 and − 0.01, respec-
tively, and the � value is equivalent to 0.1.”

Material model for steel and tendons 

In order to accurately capture the pinching effect observed 
in hysteresis loops, a suitable constitutive model is required 
to characterize the behavior of the reinforcement steel and 
tendons. For this purpose, the uniaxial Menegotto-Pinto con-
stitutive model, commonly known as Steel02, is employed in 
this study (McKenna, 2011). The Steel02 model incorporates 
linear kinematic hardening and zero isotropic hardening to 
accurately simulate the cyclic behavior of steel under vary-
ing loading conditions. This model is widely recognized for 
its ability to depict the pinched load-deformation response, 
which is characterized by strength and stiffness degradation 
as the material undergoes cyclic loading. By implement-
ing the Steel02 model, the pinching effect in the hysteresis 
loops can be effectively captured, enabling a more realistic 
representation of the structural response under cyclic load-
ing conditions.

Material model for bond–slip

The Bond-sp01 “material model, proposed by Zhao and 
Sritharan (Zhao & Sritharan, 2007), is developed in Open-
SEES to accurately represent the bond–slip behavior of steel 
reinforcement fibers in reinforced concrete (RC) member 
sections. This model considers the strain penetration at joint 
interfaces, providing a more realistic representation of the 
stress–slip relationship.

The stress–slip relationship in the Bond-sp01 model 
is shown in Fig. 13. The material strengths of the rein-
forcement fibers determine the yield stress and ultimate 
stress. It is important to note that the yield slip (Sy) and 

Fig. 12  The uniaxial material Concrete02 stress–strain curve
Fig. 13  Bond-sp01 material model stress–slip relationship (Zhao & 
Sritharan, 2007)
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ultimate slip (Su) must be calculated to fully character-
ize the model’s behavior. Therefore, the Sy is calculated 
from Eq. (3).”

The Bond-sp01 model, proposed by Zhao and Sritharan 
(2007), considers key parameters in its formulation:db: 
Diameter of the longitudinal bars; σy: Yield strength of 
the longitudinal bars; F′

c
 : Compressive strength of the 

concreteα: Parameter in the local bond–slip relation (typi-
cally set to 0.4). The ultimate slip (Su) is assumed to be 
approximately 30 to 40 times the yield slip (Sy). This 
assumption estimates the slip value corresponding to the 
ultimate stress of the bond behavior.

These parameters and assumptions are important fac-
tors in accurately representing the bond–slip behavior 
between reinforcement fibers and concrete in the Bond-
sp01 model.

Analysis procedure in openSEES

A two-step analysis procedure is implemented in 
this research to evaluate the structure’s behavior 
comprehensively.

Step 1’s static analysis simulates the structure’s 
response under specific loading conditions. An axial load 
is applied in the negative direction of the global y-axis on 
the top of the side columns, with a magnitude of 97 kN. 
Additionally, a load of 162 kN is applied to the middle 
column. The purpose of Step 1 is to investigate the struc-
tural response under static gravity loading and assess fac-
tors such as deformations, stresses, and load distribution.

Moving on to Step 2, a cyclic loading protocol repli-
cates the same loading pattern used in the experimental 
study. This cyclic loading protocol aims to simulate the 
dynamic behavior experienced during seismic events. 
Numerical analysis can provide valuable insights into the 
structural response under seismic forces by applying the 
same loading pattern as the experiment. This step enables 
the evaluation of parameters such as displacement capac-
ity, energy dissipation, and failure mechanisms.

The two-step analysis procedure allows for a compre-
hensive assessment of the structure’s performance under 
both static and dynamic loading conditions. It facilitates 
a detailed understanding of the structural response to dif-
ferent loading scenarios, providing insights into the pro-
posed retrofitting strategy’s effectiveness and the struc-
ture’s overall seismic performance.

(3)Sy = 2.54

⎡⎢⎢⎢⎣

db

8, 437

�y�
F

�

c

(2� + 1)

⎤⎥⎥⎥⎦

1∕�

+ 0.34.

Verification of numerical simulation

Figure 7 compares the hysteresis curves obtained from 
experimental and numerical analyses for the two frame 
specimens. The hysteresis curves provide insights into 
structural resistance, stiffness, and hysteretic behavior 
variations. For specimen EF, it is evident that the numeri-
cal results closely match the experimental findings. The 
variations in structural resistance, stiffness, and hyster-
etic behavior show good agreement between the numerical 
and experimental results. For instance, the experimental 
maximum lateral force is measured at 95 kN, while the 
numerical result closely aligns with a value of 94 kN. The 
experimental and numerical findings exhibit remarkable 
agreement regarding the force levels observed at the maxi-
mum lateral displacement of approximately 100 mm. Fur-
thermore, both the experimental and numerical analyses 
effectively capture the tested structure’s pinching effect 
and energy-dissipation capacity. This close correlation 
between the experimental and numerical results confirms 
the reliability and accuracy of the numerical model in 
simulating the structural response under seismic loading 
conditions.

Regarding Specimen RF, as presented in Fig. 7b, the 
numerical results obtained from both the RF-CEA (cable 
element approach) and RF-TEA (truss element approach) 
demonstrate good agreement with the experimental 
results. However, it is worth noting that the cable element 
approach employed in RF-CEA provides a more accurate 
representation of the degradation of structural resistance 
as the lateral displacement increases.

The numerical results obtained from both approaches 
show reasonable agreement with the experimental data. 
However, the cable element approach, which models the 
behavior of the structural elements more precisely, cap-
tures the progressive deterioration of the structural resist-
ance with increasing lateral displacement.

Parametric study

The preceding experimental and numerical investigations 
have yielded compelling evidence supporting the feasibil-
ity of renovating RC frames by removing a column and 
the beam above it while implementing post-tensioned 
tendons and RC jacketing as a viable means to increase 
available space. Nevertheless, it is imperative to acknowl-
edge the multifaceted nature of the renovation process, 
involving numerous parameters that necessitate a com-
prehensive examination of their impact on the quality of 
the renovation. This section addresses this research gap 
by conducting a parametric study employing a validated 
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numerical model. By systematically varying different 
parameters, this study aims to analyze their individual 
effects on the quality and effectiveness of the retrofitting 
method. The outcomes of these parametric studies will 
contribute significant insights into understanding the opti-
mal values and combinations of parameters required for 
achieving successful renovations. Among the parameters 
under scrutiny, particular emphasis is placed on three key 
variables: “the Bottom Column Longitudinal Reinforce-
ment Ratio (BCLRR), the Axial Compression Ratio of 
Columns (ACR), and the Section Depth of the Bottom 
Column (DBC).” These parameters play a pivotal role 
in determining the efficacy of the renovation process. A 
matrix of analysis cases, presented in Table 3, has been 
devised to explore their influence comprehensively. Impor-
tantly, all other parameters remain consistent with those 
utilized in the experimental tests. Through the systematic 

variation and evaluation of these parameters, this research 
provides valuable insights and practical guidance to engi-
neers and practitioners in renovation engineering. These 
findings will facilitate informed decision-making and aid 
in implementing optimal renovation strategies, ultimately 
advancing the state-of-the-art in this area.

Effect of bottom column longitudinal reinforcement ratio

The effect of the longitudinal reinforcement ratio on the seis-
mic performance of frame columns was investigated in this 
study. Reinforcement diameters of 10 mm, 14 mm, 16 mm, 
and 20 mm were considered, corresponding to reinforcement 
ratios of 1.3%, 2.6%, 3.25%, and 3.9%, respectively. It was 
found that increasing the longitudinal reinforcement ratio 
influenced the load–displacement behavior of the retrofitted 

Table 3  Different case studies 
on the seismic performance of 
frame columns

Case study Column longitudinal rein-
forcement ratio ρ (%)

Axial load compression 
ratio η (%)

Retrofitted columns 
cross-section depth D 
(mm)

RF-CEA 1.30 0.26 350
RF-BCLRR 1 2.60 0.26 350
RF-BCLRR 2 3.25 0.26 350
RF-BCLRR 3 3.90 0.26 350
RF-ACR 1 1.30 0.39 350
RF-ACR 2 1.30 0.52 350
RF-ACR 3 1.30 0.65 350
RF-DBC 1 1.30 0.26 250
RF-DBC 2 1.30 0.26 300
RF-DBC 3 1.30 0.26 400

Fig. 14  Lateral force–displacement response of the retrofitted frame: a with varying bottom columns longitudinal reinforcement ratios, and b 
with varying axial compression ratios
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structure, as depicted in Fig. 14a. Table 3 shows the different 
case studies on the seismic performance of frame columns.

The results revealed that higher longitudinal reinforce-
ment ratios improved several structural parameters. Spe-
cifically, the yield load, yield displacement, peak load, and 
peak displacement showed noticeable enhancements with 
an increase in the reinforcement ratio. Notably, even a slight 
increase in amplitude was observed when the reinforcement 
ratio reached 3.9% compared to a ratio of 1.3%. These find-
ings indicate that increasing the column’s longitudinal rein-
forcement ratio can enhance the structure’s seismic perfor-
mance within a limited range.

However, it is essential to consider that the effectiveness 
of this approach may vary depending on specific design 
requirements and structural configurations. Other factors, 
such as anticipated seismic forces and overall structural 
design, should also be considered when determining the 
optimal reinforcement parameters to achieve desired seismic 
performance and ensure structural safety.

Section depth of the bottom column effect

The removal of a column leads to the redistribution of the 
axial load, which is initially borne by the adjacent columns. 
Consequently, the corresponding axial compression ratio 
increases. “Adhering to the Chinese seismic design code 
(GB50011, 2010), it is imperative to maintain the axial com-
pression ratio within specified limits to ensure the desired 
ductility for each designated design category. Moreover, 
enhancing the lateral story stiffness is necessary to prevent 
the renovated (ground) story from becoming soft, especially 
in buildings with limited bays. One practical approach is to 

employ reinforced concrete (RC) jacketing, which involves 
increasing the column section dimensions. Therefore, the 
investigation focuses on studying the impact of the renovated 
story column depth, assuming a square section, on the over-
all structural response.

According to Fig. 15b, it is evident that there is a slight 
enhancement in structural stiffness and resistance when the 
dimensions (D) of the bottom column sections are increased. 
Based on Fig. 15b, it can be observed that as the sections 
become smaller, the deformation tends to concentrate more 
quickly on the renovated story, even during the elastic 
stage.” Comparing the D = 350 and D = 400, there is no sig-
nificant change in the load bearing; therefore, it is revealed 
that D = 350 and D = 300 is suitable.

Conclusions

This study aimed to develop a post-tensioning and concrete 
jacketing technique for retrofitting and upgrading RC framed 
structures after column removal. To achieve this objective, 
two specimens were examined under a cyclic loading sys-
tem to investigate the seismic behaviors of the renovated 
frame (RF) and the existing frame (EF). The EF specimen 
consisted of a two-bay, two-story RC frame with axial loads 
applied to each column in the upper story. Meanwhile, the 
RF specimen represented the renovated RC frame, also with 
a two-bay, two-story configuration, where axial loads were 
applied to each column in the upper story. Under cyclic load-
ing, the seismic behavior of each specimen was thoroughly 
investigated. Various parameters were analyzed, including 
hysteresis behavior, envelope curves, energy dissipation, 

Fig. 15  a Lateral displacement and the corresponding vertical deflection of the post-tensioned beam, and b Lateral force–displacement response 
of the retrofitted frame with varying bottom column depth
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ductility, and stiffness degradation capacities. These results 
were plotted and described to understand the structural 
response comprehensively.

The study’s findings revealed that the renovation method 
significantly influenced the retrofitted structure’s structural 
strength, load-carrying capacity, and seismic performance. 
Furthermore, all specimens were subjected to numerical 
investigations using the Finite Element program OpenSEEs. 
The obtained numerical results were then compared with 
the available experimental data. Additionally, a parametric 
analysis was conducted to assess the impacts on the overall 
structural behavior, providing further insights into the effec-
tiveness of the retrofitting measures. The main conclusions 
drawn from the study are as follows:

1. The post-tensioning method and concrete jacketing used 
for retrofitting and upgrading the RC framed structure 
after column removal demonstrated significant improve-
ments in structural strength, load-carrying capacity, and 
seismic performance. Comparing the load bearing of RF 
improved by 40% than the existing frame, and the RF 
had minor deformation but slightly higher ductility than 
the EF. The energy dissipation capacity of RF and EF 
were observed to be similar.

2. The study revealed that the renovated frame exhibited a 
smaller deformation capacity than the original structure. 
This reduction in deformation capacity was primarily 
attributed to the failure of the bottom of the second-story 
column and the buckling of longitudinal rebars.

3. Based on the study’s findings, it is strongly recom-
mended that the renovation technique be cautiously 
employed and carefully considering the axial compres-
sion ratio of the side columns at the upper story. It is 
advised to ensure that the axial compression ratio of the 
side columns does not exceed 0.52.

4. It was determined the retrofitted bottom column’s depth 
could impact the structure’s lateral stiffness; when the 
D is reduced to 250 mm, the elastic stiffness quickly 
changed, and the force–displacement curve showed very 
softening in the elastic region. The parametric study 
revealed that D with 300 and 350 mm performed excel-
lently.

The current research efforts primarily focus on applying 
renovation techniques in the context of two-bay two-story 
frames. However, future work should emphasize extending 
these techniques to multibay multistory structures.
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