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Abstract. The objective of this study is to evaluate the axial load-bearing capacity of section-enlargement concrete col-
umns. To reach the objection, a new strengthened method in which columns are jacketed with a large welded octagonal 
stirrup at the center and four spiral stirrups at the corners of column is developed. The new section-enlargement method 
avoids interrupting existing columns and improves the reliability of strengthened part, besides, the confining stress gen-
erated by octagonal stirrup and spiral stirrups enhances the compressive strength and deformability of strengthened col-
umns. In addition, sixteen large-scale concrete columns strengthened by the new strengthened method were tested under 
axial compressive loads. The experimental results show that the axial compression ratio of existing column generates stress-
strain lag in strengthened part and decreases the load-bearing capacity of specimens; the stirrups in strengthened part sig-
nificantly enhance the axial load-bearing capacity of specimens. According to confinement conditions, the cross-section of 
specimens is divided into five parts and the confinement factor for each part is calculated to establish the prediction mod-
els for the load-bearing capacity of specimens. Furthermore, by comparing the results between the developed model and 
existing models, the developed model has high accuracy in evaluating the load-bearing capacity of strengthened columns.

Keywords: strengthened concrete columns, section-enlargement method, axial load-bearing capacity, confined concrete, 
prediction models.

Introduction

In reinforced concrete structures, the section-enlargement 
method is an efficient method to improve the axial load-
bearing capacity of concrete components (Adilson et al., 
2008; Cao et al., 2017; Hwang et al., 2020; Thermou et al., 
2014; Zhang, 2004). In Figure 1 (Ministry of Housing 
and Urban-rural Development of the People’s Republic of 
China, 2014), the traditional section-enlargement meth-
od needs to drill holes into the existing column and then 
embed the U-shaped stirrups which may cause damage 
to the existing column. However, due to the load on the 
existing column before strengthened, the existing column 
may be broken firstly when the strengthened concrete 
column is loaded. Subsequently, the U-shaped stirrups 
embedded into the existing column become weak and the 
confinement effect of the U-shaped stirrups becomes in-

significant. Thus, it is necessary to improve the traditional 
section enlargement method to ensure the strengthened 
concrete column can be performed well.

Compared with other strengthening methods, the sec-
tion-enlargement method is simple for construction and 
have good economic benefit owing to the full use of the 
existing components. Moreover, the method can signifi-
cantly enhance the load-bearing capacity, the stiffness of 
the components and the stability of the structures. In this 
study, a new section-enlargement method adopting the 
multi-spiral stirrups for concrete columns is developed. 
In Figure 2, an octagonal stirrup consisting of two iden-
tical parts joined by welding is applied at the center of 
the cross-section. The new section-enlargement method 
avoids drilling holes and embedding stirrups into the 
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existing column and the reliability of the strengthened 
part was relatively improved. The confining stress gen-
erated by the octagonal stirrup can successfully increase 
the confinement for the existing column and most part 
of the strengthened concrete. Further, four spiral stirrups 
enhance the lateral confinements at the four corners of 
the enlarged column. The production of large octagonal 
stirrup and spiral stirrups in the factory is automatic and 
efficient and the construction process is cost-effective and 
time-saving.

Based on a series of experimental results, Ersoy et al. 
(1993) indicated that the load-bearing capacity decreased 
by about 10% when the calculation models considered 
the two-stage loading process on the existing part of the 
column. Thus, the strength reduction coefficient was in-
troduced to evaluate the effects of the axial compression 
ratio of existing columns when evaluated the load-bearing 
capacity of strengthened column (Ministry of Housing 
and Urban-rural Development of the People’s Republic 
of China, 2014; Zhang et al., 2001; Tang, 2000). Su et al. 
(1997) introduced an enhancement coefficient into the 
existing equations to calculate the confinement effect of 
the strengthened part. In order to considered the confine-
ment of stirrups, Liu (2005) adopted the prediction mod-
els proposed by Mander and Priestley (1988) for evaluat-
ing the confinements of stirrups. However, the researches 
on evaluating the load-bearing capacity of strengthened 
columns were limited by considering both the axial com-
pression ratio of existing columns and the confinement 
effect of stirrups.

In this study, sixteen large-scale concrete columns 
have been strengthened by a large octagonal stirrup at 
the center and four spiral stirrups at the corners of the 
cross-section. All specimens have been tested under axial 
compressive load to evaluate the load-bearing capacity of 
the section-enlarged concrete columns. The effects of the 
axial compression ratio of existing columns and the lat-
eral confinement of stirrups in strengthened part on the 
load-bearing capacity of specimens have been analyzed. 

Moreover, an analytical model for evaluating the load-
bearing capacity of strengthened concrete columns has 
been developed.

1. Experimental programs

1.1. Specimens’ design 

Sixteen large-scale concrete columns strengthened by 
the section-enlargement method developed in this study 
were prepared and tested under axial compressive load. 
All specimens consisted of the existing part and the 
strengthened part. Based on the previous studies (Julio & 
Branco, 2008; Vandoros & Dritsos, 2008), if the interfaces 
were well roughened, the axial load-bearing capacity of 
specimens minimally affected by the old-new concrete 
interface. Thus, the interface of old concrete was sup-
posed well roughening before strengthened. The existing 
columns were 400×400 mm2 in cross-section and 2100 
mm in height, while the specimens were 700×700 mm2 in 
cross-section and 2100 mm in height after strengthened. 
The overlapped area between spiral stirrups and octagonal 
stirrup was 24.32% of the area of a spiral stirrup. Figure 3 
shows the reinforcement arrangements in specimens. Ta-
ble 1 listed the design details of all specimens. The axial 
compression ratios of existing columns were 0, 0.1, 0.2 and 
0.3, corresponding to the loads of existing columns were 
0, 489.12 kN, 978.24 kN and 1467.36 kN, respectively. The 
volumetric ratios of octagonal stirrup were 2.1%, 1.7%, 
1.2% and 0.9%, and the volumetric ratio of four small spi-
ral stirrups were 2.3%, 1.3%, 0.9% and 0.7%.

In existing columns, Grade 400 reinforcing bars in the 
diameter of 10 mm were used as rectilinear hoops spaced 
at 100 mm; and eight Grade 400 reinforcing bars in the di-
ameter of 18 mm were applied as longitudinal bars located 
at the corners and the middle of the side length of the rec-
tilinear hoops. The volumetric ratio of rectilinear hoops 
and the ratio of longitudinal reinforcement were 1.03% 
and 1.27%, respectively. The concrete strength of existing 
columns was Grade 30. The compression load of exist-

Figure 2. Application of the proposed section-enlargement 
method to a column

Figure 1. Application of the traditional section-enlargement 
method to a column
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ing column was applied through two or four prestressed 
reinforcing bars of Grade 1080 shown in Table 1. An ex-
panding parts with 1000×1000 mm2 in cross-section and 
300 mm in height were constructed at both ends of exist-
ing column to let axial load applied on the existing col-
umn. Figure 4 shows the design details of expanding part. 
In the upper expanding part, four holes in a diameter of 
150 mm were formed by the PVC pipes corresponding to 
the positions of the four spiral stirrups which concrete can 
be poured into the strengthening part of specimens. Due 
to the local pressure generated by the prestressed reinforc-
ing bars, reinforcing mesh was used in the corresponding 
parts. The prestressed reinforcing bars were symmetrically 
arranged based on the axial compression ratio of existing 
column. Figure 5 shows the test setup for prestressing the 
reinforcing bars. Each prestressed reinforcing bar had two 
strain gauges in the middle and one pressure transducer at 
the top. The hydraulic jack applied an axial load at a low 
level to a distributing girder, and then, the position of the 

distributing girder was adjusted so that the loads on each 
prestressed reinforcing bar were equal. After tightening 
the nuts on the prestressed reinforcing bars, the hydrau-
lic jack was removed. Then, the load showed by the two 
strain gauges was observed until the load was stable. If 
the average load of the two strain gauges was smaller than 
the designed load, the prestressing was repeated with ad-
ditional tension. In order to prevent the loss of prestress in 
the reinforcing bars, the symmetrical prestressed reinforc-
ing bars had an exceed tension. 

In strengthened part, sixteen Grade 400 reinforcing 
bars in the diameter of 14 mm were used as longitudinal 
bars in four spiral stirrups and octagonal stirrups. The 
longitudinal reinforcement ratio in strengthened part was 
1.30%. Grade 800 spiral stirrups in the diameters of 5mm 
and 7 mm and half of the Grade 500 octagonal stirrups 
in the diameters of 12 mm and 14 mm were carried out 
in factory. The concrete strength of strengthened part was 
Grade 40.
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Table 1. Specimens details

Specimens

Stirrups in strengthened part Axial compression ratio of existing columns

d1, mm d2, mm S, mm ρsv1, % ρsv2, % β Pexi, kN
Prestressed reinforcing bar

n d3, mm
ACS-1 14 7 45 2.1 2.3 0.3 1467.36 4 32
ACS-2 12 5 40 1.7 1.3 0.3 1467.36 4 32
ACS-3 12 5 60 1.2 0.9 0.3 1467.36 4 32
ACS-4 12 5 75 0.9 0.7 0.3 1467.36 4 32
ACS-5 14 7 45 2.1 2.3 0.2 978.24 2 25
ACS-6 12 5 40 1.7 1.3 0.2 978.24 2 25
ACS-7 12 5 60 1.2 0.9 0.2 978.24 2 25
ACS-8 12 5 75 0.9 0.7 0.2 978.24 2 25
ACS-9 14 7 45 2.1 2.3 0.1 489.12 2 25
ACS-10 12 5 40 1.7 1.3 0.1 489.12 2 25
ACS-11 12 5 60 1.2 0.9 0.1 489.12 2 25
ACS-12 12 5 75 0.9 0.7 0.1 489.12 2 25
ACS-13 14 7 45 2.1 2.3 0 0 –
ACS-14 12 5 40 1.7 1.3 0 0 –
ACS-15 12 5 60 1.2 0.9 0 0 –
ACS-16 12 5 75 0.9 0.7 0 0 –

Note: ACS is the abbreviation of Axial Compression Specimens; 2 2 1 1c
c

cf
σ

α = = −β +β−  and d2 are the diameters of the octagonal 

stirrups and the spiral stirrups in strengthened part of specimens, respectively; S is the spacing of stirrups; ( )( )' ' ' '
0 0 0 0 0 0c c y s cs c c y sN f A f A f A f A= ϕ + +α +

 ( )( )' ' ' '
0 0 0 0 0 0c c y s cs c c y sN f A f A f A f A= ϕ + +α +  and 0.8csα =  are the volumetric ratios of the octagonal stirrups and the spiral stirrups in strengthened part, 

respectively; and β is the axial compression ratio of existing columns. Pexi is the axial load in existing column before strengthening; n 
is the number of the prestressed reinforcing bars; d3 is the diameter of prestressed reinforcing bars.
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The construction procedure of specimens is described 
as follows: (1) the two expanding part and existing col-
umn were constructed and the four holes with the diam-
eter of 150 mm were formed in the top expanding part, 
corresponding to the positions of four spiral stirrups; (2) 
the load on existing column was applied by tensioning 
prestressed reinforcing bars; (3) the longitudinal bars in 
octagonal stirrups were arranged according to the design 
requirements; (4) the octagonal stirrups were welded to-
gether with connection length of 5d1; (5) the spiral stir-
rups were pushed to the corresponding positions from the 
horizontal direction; (6) the longitudinal bars in the four 
spiral stirrups were inserted from the four holes in the 
top expanding part and bounded with spiral stirrups; (7) 
the concrete of strengthened part was poured from the 
four holes in the top expanding part, and specimens were 
completed.

1.2. Material properties

To determine the compressive strength of concrete used 
in all specimens, according to the requirements of GB 
50010-2010 (Ministry of Housing and Urban-rural De-
velopment of the people’s Republic of China, 2010) three 
150×150×150 mm concrete cubes were prepared. The com-

pressive strength of C30 and C40 cubes were 40.23 MPa 
and 51.49 MPa, respectively. The axial compressive strength 
of C30 and C40 were 30.57 MPa and 39.51 MPa, respec-
tively. Furthermore, three samples of each type reinforcing 
bars used in specimens were tested under axial tension. 
The mechanical properties and the stress-strain curves 
of reinforcing bars are shown in Table 2 and Figure 6,  
respectively.

a) Schematic diagram of test setup b) Physical diagram of test setup

Figure 5. Test setup for prestressing reinforcing bars

Table 2. Mechanical properties of reinforcing bars

Type of steel Proportional limit, 
MPa

Yield stress, 
MPa

Ultimate stress, 
MPa Ultimate strain, % Elastic modulus,  

MPa
Yield plateau,  

%

Grade 400 436.7 436.7 629.0 14.5 200000 0.577

Grade 500 536.1 536.1 698.6 11.7 200000 0.475

Grade 800 672.9 899.6 962.0 4.1 205000 –

Grade 1080 999.5 1097 1310.1 7.0 200000 –

Figure 6. Stress-strain curves of reinforcing bars
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1.3. Test setups

Figure 7 shows the loading equipment and the test setup 
of specimens. The loading equipment is a hydraulic test-
ing machine with a capacity of 30,000 kN at Harbin In-
stitute of Technology. To ensure the axial load distributed 
uniformly, both ends of specimen were polished smoothly 
and some sand was put on the top of specimens. Further-
more, both ends of the specimen column were mounted 
by customised steel clamps to ensure the ends of speci-
mens were not damaged. 

To ensure test apparatuses work well, a preloading was 
conducted. The load-displacement controlled scheme was 
applied to specimens in accordance with GB/T 50152-
2012 (Ministry of Housing and Urban-rural Develop-

ment of the People’s Republic of China, 2012). The load-
ing scheme was divided into four steps: (1) the scheme 
was controlled by applying the load at a rate of 4 kN/s in 
a monotonic manner until cracks appeared on the surface 
of the column; (2) the scheme was controlled by the dis-
placement at a rate of 0.5 mm/min until the load capacity 
of the column over peak stress; (3) the scheme was con-
trolled by the displacement at a rate of 1.0 mm/min until 
the load capacity of the column reached 50% of the peak 
stress; and (4) the scheme was controlled by the displace-
ment at a rate of 2.0 mm/min until the specimens were 
damaged.

Strain gauges were placed on the longitudinal rein-
forcements, stirrups and concrete cover to measure the 
vertical and horizontal deformations of steel reinforce-
ments and concrete, respectively. Figure 8 shows the dis-
tribution of strain gauges. The strain gauges were placed 
at the middle of specimens with a range of 700 mm. The 
distribution of total 46 strain gauges on each existing col-
umn was listed as follows: four steel strain gauges were 
placed at two longitudinal reinforcements located at the 
corners and the middle of the side length of the rectilinear 
hoops to measure the vertical deformation of longitudi-
nal reinforcements, and 14 steel strain gauges were placed 
uniformly at three rings of the stirrups at the middle of 
specimens to measure the horizontal deformation of the 
existing columns. The distribution of total 122 steel strain 
gauges on the strengthening part of each specimen was 
listed as follows: four steel strain gauges were placed at 
two longitudinal reinforcements located at each spiral 
stirrups, and four steel strain gauges were placed at two 
longitudinal reinforcements located at octagonal stirrups 
to measure the vertical deformation of strengthening part; 
66 steel strain gauges were placed at three rings of octago-
nal stirrups in the middle of specimens to measure the 
horizontal deformation of octagonal stirrups; and 12 steel 
strain gauges were placed at the three circles of each spiral 

Figure 7. Loading equipment and test setup

b) Test setup

Figure 8. Distribution of strain gauges (Unit: mm)

a) Loading equipment
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stirrup in the middle of specimens to measure the hori-
zontal deformation of spiral stirrups. Further, to measure 
the vertical and horizontal deformations of concrete cover, 
four vertical and four horizontal concrete strain gauges 
were placed on the surface of specimens, respectively. 
Two steel strain gauges were placed on each prestressed 
reinforcing bar to monitor the load applied on prestressed 
reinforcing bars. In addition, four displacement meters 
were installed in the middle of specimens with 350 mm 
gauge length to measure the vertical deformation of speci-
mens. A high-speed data acquisition was utilized to collect 
experimental data from strain gauges and displacement  
meters.

2. Test results and discussion

2.1. Failure patterns

The failure patterns of sixteen specimens were complex 
due to the multiple confinement generated by numerous 
stirrups in strengthened parts. The typical failure patterns 
of specimens were shown in Figure 9. Specimens failed 
through the buckling of longitudinal bars, followed by the 
concrete crushed and stirrup fractured. The failure pro-
cess of specimens can be divided into four stages during 
the loading scheme. The first stage was from the begin-
ning of loading scheme to the beginning of the appear-
ance of minor vertical cracks on the surface of specimens. 
The second stage started from the beginning of the minor 
vertical cracks appeared until specimens reached the peak 
axial load. In this stage, the cracks began to be widened 
and lengthen and specimens reached peak load after the 
slight spalling of concrete cover. In addition, the forces 
on prestressed reinforcing bars were almost unloaded and 
longitudinal reinforcement yielded. The third stage started 
from the peak load to the fracture of spiral stirrups. In this 
stage, the vertical cracks transformed into severe cracks 
and core concrete exterior. Then, the concrete confined 
by spiral stirrups at the corner crushed and spiral stirrups 
fractured because of the larger dilation of concrete and 
lower volumetric ratio compared with octagonal stirrups. 
The fourth phase started the fracture of spiral stirrups to 
the load-bearing capacity decreased suddenly, caused by 
the fracture of octagonal stirrups. In this stage, the oc-
tagonal stirrups were tensioned due to the dilation of con-
crete. The load-bearing capacity decreased significantly 
when the first octagonal stirrup fractured. Subsequently, 
more octagonal stirrups fractured owing to the sudden 
load transfer caused by the fracture of the first octagonal  
stirrup.

2.2. Effect of axial compression ratio of existing 
columns on load-bearing capacity of specimens

Figure 10 shows the effect of the axial compression ra-
tio of existing columns on the axial load-bearing capac-
ity of specimens. Ptest is the axial load-bearing capacity of 
specimens acquired by eliminating the residual value of 

prestressed reinforcing bars. P0 is the axial load-bearing 
capacity of specimens in which the axial compression ra-
tio of existing column is zero. The strength ratio (Ptest/
P0) of specimens has been used to evaluate the effect of 
the axial compression ratio of existing columns. The result 
shows that the axial load-bearing capacity of specimens 
decreases with increasing the axial compression ratio of 
existing columns. In particular, as the axial compression 
ratio increases by 0.1, the axial load-carrying capacity of 
specimens decreases by 2.5% in the maximum.

a) Failure patterns of strengthened RC columns

b) Local details of spiral stirrups

c) Local details of octagonal stirrups

Figure 9. Typical failure patterns of strengthened RC columns
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The existing columns were loaded before strengthened 
and the strengthened part carried the load together with 
the existing columns when the new load was applied. 
When existing column reached the peak load, it was 
with high probability that the strengthened part could 
not reach the peak load. Thus, the stress and strain in the 
strengthened part lagged behind existing columns. The 
enhancement effect of strengthened part decreased if the 
concrete of existing columns was in a high stress level 
before strengthening. Thus, the compressive strength of 
strengthened part needed to be reduced based on the axial 
compression ratio of existing column. Accordingly, the 
previous studies developed the reduction factors for evalu-
ating the axial load-bearing capacity of strengthened part 
(Tang, 2000; Su et al., 1997; Luo, 1989; Cheng, 2003; Liao, 
2006). αc and αs are the reduction factors of concrete and 
longitudinal bars generally used for evaluating the load-
bearing capacity of the strengthened part of strengthened 
columns, respectively, which are listed as follows:

2 2 1 1c
c

cf
σ

α = = −β +β− ; (1)

2 2
' ' 1

500
s s

s
y y

E
f f
σ

α = = −β , (2)

where, σc2 and σs2 are the stress of concrete and longi-
tudinal bars in strengthened part when existing column 
reached the limited state, respectively; fc is the compres-
sive strength of concrete in strengthened par; fyʹ and Es2 
are the yield strength and elasticity modulus of longitudi-
nal reinforcements in strengthened part, respectively.

2.3. Effect of volumetric ratio of stirrups  
in strengthened part on load-bearing  
capacity of specimens

In order to evaluate the confinement effect of stirrups in 
the strengthened part of specimens, an analytical load of 
section-enlargement column Panalysis is defined as follows:

0 0 0 0' ' ' 'analysis c c y s c c c s y sP f A f A f A f A= + +α +α , (3)

where fc0 is the compressive strength of concrete in ex-

isting column; Ac0 is the cross-section area of concrete 
in existing column; fy0ʹ is the yield strength of the lon-
gitudinal reinforcements in existing column; Asoʹ is the 
cross-section area of the longitudinal reinforcements in 
existing column; Ac is the cross-section area of concrete of 
strengthened part; and Asʹ is the cross-section area of the 
longitudinal reinforcements in strengthened part. Panalysis 
has been calculated by the measured material strengths 
listed in Table 2.

The analytical load-bearing capacity Panalysis represents 
the axial compressive strength of section-enlargement 
columns neglecting the confinement effect of stirrups in 
strengthened part. In Table 3, the load-bearing capacity 
ratio of specimens is defined as Ptest/Panalysis, which is an 
indicator of the axial load-bearing capacity enhancement 
of specimens from the confinement of stirrups in strength-
ened part. The load-bearing capacity ratio of specimens 
with the same axial compression ratio of existing columns 
increases following the volumetric ratio of stirrups from 
0.9% to 2.1%, especially, the load-bearing capacity ratio of 
specimens ranges from 1.26 to 1.28 when the volumetric 
ratio of stirrups is 2.1% in the maximum. The compressive 
strength of concrete was enhanced by octagonal stirrups 
and four spiral stirrups because stirrups generate higher 
lateral confining stress and a larger volumetric ratio of 
stirrups resulting in a larger load-bearing capacity ratio 
of specimens.

Figure 11 shows the normalized load-displacement 
curves of specimens. The axial loads have been normal-
ized to the analytical load of the section-enlargement 
columns for comparison purpose. In Figure 10, when the 
axial compression ratio of existing column remains at a 
certain value, the axial load-bearing capacity of specimens 
increases with the increase of the volumetric ratio of stir-
rups from 0.9% to 2.1%. The large volumetric ratio of stir-
rups effectively enhances the axial load-carrying capacity 
of specimens.

The average concrete compressive strength fc,average is 
derived as follows:

0
,

c co c c
c average

co c

f A f A
f

A A
+

=
+

. (4)

Figure 10. Effect of axial compression ratio of existing columns on the load-bearing capacity of specimens
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Correspondingly, the average compressive strength 
fcc,average of confined concrete has been used to evaluate 
the confinement effect of the lateral reinforcement in 
strengthened part. Assuming that the concrete in existing 
part is crushed and the longitudinal bars are yielded at the 
peak load, the compressive strength fcc,average of confined 
concrete can be determined as follows:

, 0 0
,

,

' ' ' 'test c c c cover y s s y s
cc average

co c c cover

P f A f A f A
f

A A A
−α − −α

=
+ −

, (5)

where Ac,cover is the cross-section area of concrete cover of 
strengthened part. 

A compressive strength ratio of concrete evaluating 
the confinement effect of stirrups in strengthened part is 
defined as fcc, average/fc, average. As shown in Figure 12, the 
compressive strength ratios of concrete are in the range 
of 1.18–1.21, 1.23–1.26, 1.28–1.32 and 1.34–1.36, corre-

sponding to the specimens with the volumetric ratio of 
stirrups are 0.9%, 1.2%, 1.7% and 2.1%, respectively. The 
highly confined concrete surrounded by octagonal stir-
rups and spiral stirrups had high compressive strength of 
concrete.

3. Evaluation of axial load-bearing capacity

3.1. Analytical modeling

The axial load-bearing capacity of the section-enlargement 
column is contributed from each structural material. In 
order to calculate the axial load-bearing capacity of speci-
mens, the constitutive model of materials is specified as 
follows. Considering the confinement effect contributed 
from the octagonal stirrups, spiral stirrups and concrete of 
strengthened part of specimens, as shown in Figure 13, the 
concrete in the cross-section of specimens is categorized  

 Figure 11. Normalized load-displacement curves of specimens

Table 3. Confinement effect of stirrups in strengthened part of specimens

Specimens Ptest, kN Panalysis, kN ,c averagef , MPa ,cc averagef , MPa test

analysis

P
P

,

,

cc average

c average

f
f

ACS-1 25380 19790 35.63 48.47 1.28 1.36 
ACS-2 24810 19790 35.63 47.12 1.25 1.32 
ACS-3 23807 19790 35.63 44.75 1.20 1.26 
ACS-4 23000 19790 35.63 42.84 1.16 1.20 
ACS-5 25680 20090 36.04 48.14 1.28 1.34 
ACS-6 24968 20090 36.04 46.30 1.24 1.28 
ACS-7 24225 20090 36.04 44.47 1.20 1.23 
ACS-8 23445 20090 36.04 42.59 1.17 1.18 
ACS-9 25768 20293 36.27 48.78 1.27 1.35 

ACS-10 25224 20293 36.27 47.49 1.24 1.31 
ACS-11 24440 20293 36.27 45.64 1.20 1.26 
ACS-12 23631 20293 36.27 43.72 1.16 1.21 
ACS-13 26038 20574 36.33 48.82 1.27 1.34 
ACS-14 25371 20574 36.33 47.24 1.23 1.30 
ACS-15 24606 20574 36.33 45.43 1.20 1.25 
ACS-16 23783 20574 36.33 43.48 1.16 1.20 
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into five parts: concrete in existing column, concrete con-
fined by octagonal stirrups, concrete confined by spiral 
stirrups, highly overlapping concrete confined by both 
octagonal stirrups and spiral stirrup, and unconfined 
concrete. 

In this study, the stress-strain relationships of confined 
concrete proposed by Mander and Priestley (1988) have 
been used for evaluating the confinement effects of stir-
rups in strengthened part. The load-bearing capacity of 
specimens can be calculated based on the compressive 
strength fccʹ and peak strain εcc of confined concrete, re-
spectively. The fccʹ and εcc can be calculated as follows:

0
'

1 5 1
'

cc
cc c

co

f
f

  
ε = ε + −      

; (6)

' 'cc cof kf= ; (7)
7.94 ' '

1.254 2.254 1 2
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l l

co co

f f
k

f f
= − + + − ; (8)

'l l ef f k= ; (9)
'1

2
1

s
e

cc

s
d

k
−

=
−ρ

, (10)

where fcoʹ and εco are the compressive strength and peak 
strain of unconfined concrete, respectively; k is the con-
finement factor of confined concrete; flʹ is the effective 
lateral confining stress; fl is the lateral confining stress; ke 
is the confinement effectiveness coefficient; sʹ is the clear 

spacing of spiral stirrups or hoops; ds is the diameter of 
spiral stirrups; and ρcc is the longitudinal reinforcement 
ratio. 

Figure 14 shows the stress analysis of the stirrups in 
the strengthened part of specimens. The stress in octago-
nal stirrup can be derived based on the equilibrium of 
forces as follows:

1 1
o1

2 st st
l

cor

f A
f

b s
= ; (11)

1 1
2

2 st st
lo
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f A
f

b s
= . (12)

The weighted arithmetic mean of the octagonal stirrup 
can be described as follows:

1 1
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Moreover, the stress in spiral stirrup can be derived 
based on the equilibrium of forces as follows:

2 2
s 2 2

2 1
2

st st
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f A
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D s
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2
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cor

D A A
D sD s

π
ρ = = , (16)

where flo and fls are the lateral confining stress of octago-
nal stirrup and spiral stirrup, respectively; fst1 and Ast1 are 
the tensile stress and the cross-sectional area of octagonal 
stirrup, respectively; fst2 and Ast2 are the tensile stress and 
the cross-section area of spiral stirrup, respectively; bcor is 
length of the core concrete confined by octagonal stirrup; 
Dcor is the diameter of core concrete confined by spiral 
stirrup.

Figure 13. Five confinement area in specimens

Figure 12. Effect of volumetric ratio of stirrups on load-bearing capacity of specimens
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3.2. Evaluation of axial load-bearing capacity

The confinement factors for each part in section-enlarged 
column can be described as follows: kec is the confinement 
factor of existing column, koc is the confinement factor 
of the concrete confined by octagonal stirrups, ksc is the 
confinement factor of the concrete confined by spiral 
stirrups, khc is the confinement factor of the overlapped 
concrete confined by both octagonal stirrups and spiral 
stirrups which was the minimum value between the koc 
and ksc. The confinement factors of specimens are shown 
in Table 4. 

The calculation models of the axial load-bearing ca-
pacity of specimens were based on the assumptions as 
follows: (1) the axial strains are compatible in each part 
of specimens; (2) the strengthened column reaches the 
limited states of the load-bearing capacity when the com-
pressive strain of the concrete in existing column is εco and 
the longitudinal bars in existing column reach the yield 

strength. The axial load-bearing capacity of specimens 
can be calculated through assumption of the individual 
strength from each part, as follows:

0 0' ' ' 'u ec ec y s c oc oc sc sc hc hc uc uc s y sP f A f A f A f A f A f A f A= + +α + + + +α  

0 0' ' ' 'u ec ec y s c oc oc sc sc hc hc uc uc s y sP f A f A f A f A f A f A f A= + +α + + + +α   , (17)

where fec and Aec are the compressive strength and the 
cross-section area of concrete in existing column, respec-
tively; foc and Aoc are the compressive strength and the 
cross-section area of the concrete confined by octago-
nal stirrups, respectively; fsc and Asc are the compressive 
strength and the cross-section area of the concrete con-
fined by spiral stirrups, respectively; fhc and Ahc are the 
compressive strength and the cross-section area of the 
overlapped concrete confined by both the octagonal and 
spiral stirrups, respectively; fuc and Auc are the compres-
sive strength and the cross-section area of unconfined 
concrete. The calculated results are shown in Table 4.

Figure 14. Analysis of stress in stirrups
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Table 4. Confinement factors and axial load-bearing capacity of specimens

Specimens kec koc ksc khc Pu Ptest Error
ACS-1 1.42 1.34 1.44 1.34 25203 25380 –0.69%
ACS-2 1.30 1.24 1.25 1.24 23522 24810 –5.19%
ACS-3 1.17 1.14 1.17 1.14 21969 23807 –7.72%
ACS-4 1.12 1.09 1.08 1.08 21170 23000 –7.96%
ACS-5 1.45 1.36 1.31 1.31 25548 25680 –0.51%
ACS-6 1.32 1.26 1.23 1.23 24027 24968 –3.77%
ACS-7 1.27 1.21 1.19 1.19 23365 24225 –3.55%
ACS-8 1.21 1.17 1.12 1.12 22549 23445 –3.82%
ACS-9 1.48 1.39 1.55 1.39 26706 25768 3.64%
ACS-10 1.39 1.31 1.26 1.26 25041 25224 –0.73%
ACS-11 1.26 1.20 1.16 1.16 23370 24440 –4.38%
ACS-12 1.14 1.11 1.07 1.07 21916 23631 –7.26%
ACS-13 1.35 1.28 1.37 1.28 25111 26038 –3.56%
ACS-14 1.26 1.21 1.23 1.21 23827 25371 –6.09%
ACS-15 1.23 1.18 1.14 1.14 23343 24606 –5.13%
ACS-16 1.14 1.11 1.09 1.09 22295 23783 –6.26%
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4. Evaluation of prediction performance  
of proposed calculation formulas

Many earlier studies have developed calculation formulas 
for calculating the axial load-bearing capacity of section-
enlargement columns. In this study, the typical calculation 
equations for section-enlargement columns have been se-
lected to predict the load-bearing capacity of specimens 
listed in Table 5.

The comparison results between experiment and cal-
culation equations were shown in Figure 15. The first three 
prediction calculation formulas, including the China code 
GB/T 50367-2013 (Ministry of Housing and Urban-rural 
Development of the People’s Republic of China, 2014), the 
ACI 318-14 code (ACI, 2014) and the Eurocode 2 (Europe-
an Committee for Standardization, 2005), underestimated 
the axial load-bearing capacity of strengthened columns. 
In particular, the errors of the China code and the ACI 
318-14 code range from –23.41% to –32.35%. The reason 
was that the first two calculation formulas did not con-
sider the confinement effect of the stirrups in the strength-
ened part of specimens. The calculation of Eurocode 2 ad-
opted the compressive strength of confined concrete and 
the error ranges from –8.49% to –20.63%. The Liao model 
considered the confinement effect of concrete in strength-
ened part on existing columns when calculating the axial 

load-bearing capacity of strengthened columns, the con-
finement effect of the concrete in the strengthened part of 
specimens is not obvious when concrete cracked. The load-
bearing capacity of strengthened columns is equal to the 
load when concrete cracked. Thus, the Liao’s (2006) model 
also underestimated the axial load-bearing capacity of 
strengthened columns. In the Zhang model (Zhang, 2016),  

Table 5. Calculation equations for predicting the axial load-bearing capacity of section-enlargement columns from earlier studies

Models Calculation equation Coefficients
China code GB/T 50367-2013 
(Ministry of Housing and Urban-rural 
Development of the People’s Republic 
of China, 2014)
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for Standardization, 2005)
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Note: N was the axial load-bearing capacity of section-enlargement columns; ϕ was the stability coefficient of strengthened columns; αcs 
was the reduction coefficient of the strength of concrete and longitudinal reinforcements in strengthened part; K was the confinement 
coefficient of existing column; b was the thickness of strengthened part; d was the dimension of existing columns. 

Figure 15. Comparisons results between of experiment  
and prediction models
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two coefficients were contained to evaluate the confine-
ment effects of concrete and stirrups in strengthened 
part on existing columns. The prediction results from the 
Zhang model (Zhang, 2016) overestimated the axial load-
bearing capacity of strengthened columns and the error 
ranges from 4.60% to 14.58%. This is because the Zhang 
model (Zhang, 2016) overestimated the confinement effect 
of strengthened part. The model developed in this study 
estimated the axial load-bearing capacity of strengthened 
columns accurately and the error ranges from –7.96% to 
3.64%. Thus, the proposed model is suitable for evaluating 
the axial load-bearing capacity of strengthened columns.

Conclusions

In this study, an experiment consisting of sixteen large-
scale concrete columns strengthened by octagonal stirrups 
and four spiral stirrups at the corner of specimens was 
carried out. The axial load-bearing capability of strength-
ened columns have been calculated and compared with 
the experimental results; the conclusions are drawn as 
follows:

(1) The axial compression ratio of existing column 
has an unfavorable effect on the axial load-carry-
ing capacity of section-enlargement columns. The 
result shows that the axial load-bearing capacity 
of specimens decreases with the increase of axial 
compression ratio of existing columns when the 
volumetric ratio of stirrups in strengthened part 
keeps as a certain value.

(2) The stirrups in the strengthened part of specimens 
can significantly enhance the axial load-bearing 
capacity of section-enlargement columns with the 
increase of the volumetric ratio of stirrups. The 
octagonal stirrup and four spiral stirrups can gen-
erate high lateral confining stress and the higher 
volumetric ratio of stirrups resulting in the higher 
axial load-bearing capacity of specimens.

(3) The concrete in the cross section of section-en-
largement columns can be categorized into five 
areas according to the confinement conditions. 
The evaluation model of the axial load-bearing ca-
pacity of strengthened columns developed in this 
study had high accuracy.

(4) The axial load-bearing capacity of section-enlarge-
ment columns has been evaluated by the existing 
models from the earlier studies. The existing mod-
els need to be modified by considering the con-
finement effects of stirrups in the strengthened 
part of specimens on the compressive strength of 
concrete.
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