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The seismic performance of reinforced concrete (RC) columns strengthened using steel bar/wire mesh mortar (SWM) was
investigated. A comparative experimental study was performed by taking nine RC square columns strengthened with SWM and
steel bar mat mortar (SM) under pseudostatic test. The effects of strengthening method and test parameters on the seismic
bearing capacity, ductile deformation, and failure mode of all columns were tested and analyzed. The results show that SWM-
strengthened columns can experience more cyclic loading times before the failure than SM-strengthened columns under the
same axial load ratio, and the energy dissipation capacity and seismic bearing capacity of SWM-strengthened columns were
higher on average than that of SM-strengthened columns by 62.3% and 73.66%, respectively, proving that the strengthening
method has a good application in engineering practice.

1. Introduction

The seismic performance of the bottom column in the
frame structure directly affects the collapse resistance of
the overall structure. However, many reinforced concrete
(RC) columns that have been in service for a long time
are insufficient in resisting earthquakes. In order to ensure
the safety of people’s lives and property, effective strength-
ening measures must be taken to improve the seismic
resistance of these columns. In the numerous strengthen-
ing methods of columns, the columns are basically
wrapped with appropriate building materials and then
tested and studied.

Columns wrapped with ferrocement as a strengthening
method have been widely studied by many agencies and
researchers [1–8]. Ferrocement has been proved to be an
effective RC column strengthening material with certain
advantages in surface crack control and durability. However,
the reinforcement ratio of the columns cannot be improved
effectively by this strengthening method due to the wire mesh
is too thin, and the increase of the bearing capacity of the
strengthened columns is limited.

To solve the problem of insufficient bearing capacity of
columns, Shang et al. [9] used small-diameter steel bar mat
mortar (SM) to strengthen the columns and carried out
study. The results show that the bearing capacity of the
SM-strengthened column can be improved effectively, but
the ductile displacement is not as large as expected. Based
on the above research, it may be a feasible method to use steel
bar/wire mesh mortar (SWM) to strengthen the column and
improve its seismic performance.

In this study, the strengthening method of using SWM is
intended to improve the ability of the column to resist earth-
quake damage by increasing the secondary reinforcement
ratio of the column and making the concrete in the column
under three-direction compression. The influence of test
parameters on bearing capacity, ductile deformation, and
hysteresis characteristics of nine columns was analyzed in
detail.

2. Experimental Program

2.1. Materials. Like most of the existing columns, the con-
crete with strength grade of C30 was selected in this research.
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The concrete was made of ordinary Portland cement,
crushed stone, river sand, and tap water. The maximum
diameter of crushed stone was 20mm. The modulus fineness
of river sand was 2.98. All kinds of concrete preparation
materials meet the requirements of American standard ACI
Committee 318 [10].

In the process of column pouring, the standard concrete
cube test block was made and cured under the same condi-
tions as the column. After 28 days of curing, the average cube
strength was 45.0MPa. In the process of column reinforce-
ment, the standard mortar test block was made and its aver-
age cube strength was 48.8MPa after 28 days of curing. The
mechanical properties of the concrete and mortar meet the
requirements of GB50010-2010 [11]. The mechanical prop-
erties of steels are listed in Table 1.

2.2. Production of RC Columns. According to the experimen-
tal scheme, nine square columns were made. As shown in
Figure 1, each column had a clear height of 1100mm. Before
the column was strengthened, its section size was 180mm
× 180mm. All the columns were constructed using 4 longi-
tudinal reinforcements with a diameter of 12mm. Stirrups
of nine columns were arranged with a diameter of 6mm
and spacing of 150mm. In order to ensure the safety of the
test and simulate the real working condition of the column,
each column was set with a footing of 1100mm × 340mm
× 280mm.

2.3. Strengthening Process. In order to enhance the bonding
force of the interface, the surface of column was polished
and cleaned before strengthening. Then, the surface of col-
umn was washed, and a layer of interface agent is coated
on the column surface after drying. The whole strengthen-
ing process followed the guidance of ACI Committee 549
(1999) [1]. For SM-strengthened columns, four steel bars
with diameter of 12mm were added at the four corners
of the column, which were welded together with 6mm
diameter stirrups at a spacing of 100mm. For SWM-
strengthened columns, the steel wire mesh was wrapped
outside the steel bar mat. Finally, the repair cement mortar
was plastered after applying steel bar/wire mesh. After
strengthening, the section size of the columns became
210mm × 210mm. All the strengthened columns were
cured for a sufficient time before loading test. Typical
strengthening details for the columns are shown in
Figure 2.

2.4. Classification of Specimens. The properties of all col-
umns are listed in Table 2. Column O without any
strengthening measures was used to compare the test data
(Figures 2(a) and 2(f), Table 2). SM-strengthened columns
were strengthened only with a steel bar mat (Figures 2(b)
and 2(g), Table 2). SWM-strengthened columns were
strengthened with steel wire mesh of different wraps
include a steel bar mat. The meaning of the number 1
in SWM1 is that one wrap of wire mesh was used for
strengthening column except for a steel bar mat
(Figures 2(c) and 2(h), Table 2). The meaning of the num-
ber 2 in SWM2 is that two wraps of wire mesh were used
for strengthening column except for a steel bar mat
(Figures 2(d) and 2(i), Table 2). The meaning of the
number 0.5 in SWM0.5 is that one wrap of wire mesh
was used for strengthening column except for a steel bar
mat, and the wire mesh was set from the middle point
to the bottom of the column (Figures 2(e) and 2(j),
Table 2).

2.5. Test Devices and Methods. The experiment was carried
out in the structural engineering experimental center of
Shantou University. The footing of column was firmly
fixed on the rigid ground to ensure that there was no hor-
izontal displacement at the bottom of the footing of col-
umn during the test. Firstly, the vertical load is applied
to the top of the column by a 1000 kN hydraulic jack to
the control value. For example, when the axial load ratio
control value of the column is 0.33, the jack loading value
is 208.11 kN. Then, the lateral low-cycle repeated load is
applied at the loading point of the column top through
MTS actuator fixed on the reaction wall. The test device
is shown in Figure 3.

A typical loading regime is shown in Figure 4. Before
yielding, the column was loaded by force control method,
and each stage of load cycle was once. After yielding, the
column was loaded by displacement control method, and
each stage of load cycle was 3 times. In Figure 4, Δ0 is
the theoretical yield displacement of a test column. In each
stage of loading process, the push force applied to the

Table 1: Properties of steels.

Steels
Φ

(mm)
f y

(MPa)
f u

(MPa)
Es

(GPa)

Wire mesh∗ 1.2 403 502 207

Stirrup/strengthening 6 403 502 210

Strengthening 10 370 631 210

Longitudinal
reinforcement

12 385 584 210

Note: the grid spacing of the steel wire mesh is 11mm × 11mm.
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Figure 1: Design size of column (mm).
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column was regarded as the forward cycle, and the pull
force applied to the column was regarded as the reverse
cycle. When the bearing capacity of the column decreased
to 85% of the peak load, the column was considered to be
damaged, and the test was stopped.

3. Results and Discussion

3.1. Crack Patterns and Failure Modes. The failure process of
the nine columns was similar, and all the nine columns failed
in bending in the later stage of the test. The crack patterns of
typical columns are shown in Figure 5.

For column O, at the beginning of applying lateral
load, there was no crack because the deformation of the
column was in the range of elastic deformation. When
the longitudinal bars of the column yielded, the first hor-
izontal bending crack appeared at the bottom of the col-
umn. With the increase of loading displacement at the
top of the column, new cracks appeared gradually in the
plastic hinge area of columns, and the existing cracks
extended and widen. With the further increase of loading
displacement at the top of the column, one of the main
horizontal cracks at the bottom of the column was pene-
trated, and the degree of concrete crushing in the com-

pression area was intensified, and slag falling occurred.
When the loading displacement at the top of the column
reached 11.9mm, the longitudinal bars at the cracks were
exposed and bent, and the bearing capacity of the column
began to decrease. When the loading displacement at the
top of the column reached 21.2mm, the lateral force of
the column was lower than 85% of the peak lateral force,
and the test was stopped. The failure pattern of column
O is shown in Figure 5(a).
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Figure 2: Strengthening details of columns.

Table 2: Properties of columns.

Column
series

Number
Strengthening

method

Longitudinal
reinforcement ratio

(%)
Steel
bar

Wire
mesh

O 1 - 1.63 -

SM 2 SM 2.72 -

SWM1 2 SWM 2.72 0.20

SWM2 2 SWM 2.72 0.40

SWM0.5 2 SWM 2.72 0.20
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Figure 3: Column test setup.
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Figure 6: Hysteresis loops of columns.
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For column SM-2, after repeated lateral loading, hori-
zontal bending cracks appeared at the bottom of the col-
umn. When the loading displacement at the top of the
column increased to 4△0, vertical cracks along the longitu-
dinal reinforcement appeared at the bottom of the column.
The possible reasons for this phenomenon are as follows:
(1) the protective layer of repair mortar is too thin
(9mm); (2) the bonding force between interfaces is low;
(3) the reinforcement dispersion of steel bar mat is low,
which cannot effectively restrain the repair mortar. When
the displacement at the top of the column reached
13.2mm, the bearing capacity of the column began to
decrease. Finally, the longitudinal bar of the column was
bent, the concrete on the surface of the column peeled
off in large area, and the test was stopped. The failure pat-
tern of column SM-2 is shown in Figure 5(b).

For column SWM1-2, no visible cracks appeared on
the surface of the column during the force control loading
stage. After entering the displacement control loading
stage, horizontal bending cracks gradually appeared near
the footing of the column. With the further increase of
loading displacement at the top of the column, the cracks
on the bottom surface of the column become more and
more dense by interlacing. In the later stage of test, the
repair mortar on the four sides of the column bottom fell
off in small pieces. The possible reasons for this phenom-
enon are as follows: (1) the steel wire mesh has excellent
crack control ability; (2) the bonding and protection of
the steel wire mesh mortar layer have been fully exerted.
When the column was damaged nearby, a groaning noise
could be heard inside the column. Finally, when the load-
ing displacement at the top of the column reached
25.1mm, the column was obviously bent and damaged,
and the test was stopped. The failure pattern of column
SM-2 is shown in Figure 5(c).

3.2. Hysteresis Loops and Skeleton Curves. The hysteresis
loops obtained from this test are shown in Figure 6. The

strengthening method has a significant effect on the hys-
teresis loops. For example, the hysteresis loop of the col-
umn SWM2-2 has a stable and plump spindle shape
with a large number of cycles, indicating that the seismic
performance of the column had been significantly
improved. In this test, the hysteresis loop of forward load-
ing is slightly different from that of reverse loading for
each column. This difference is related to the initial state
of the column before the lateral load was applied, the dif-
ference in the mechanical properties of the longitudinal
bar, and the construction quality.

The skeleton curves obtained from this test are shown
in Figure 7. The axial load ratio has a significant effect on
the skeleton curves. When the axial load ratio increased
from 0.33 to 0.48, the skeleton curve of the corresponding
column became unstable. It can be seen from Figure 7 that
the high axial force ratio makes the descending branch of
the column skeleton curve steeper, indicating that the
strength of the column degrades faster. It can be seen
from Figure 7 that the seismic bearing capacity and initial
stiffness of the column increase as the axial load ratio
increases.

3.3. Bearing Capacity and Ductility. The ultimate bearing
capacity of each column is listed in Table 3. Based on
Table 3, it can be seen that effective strengthening methods
can improve the seismic bearing capacity of columns. When
the axial force ratio (n = 0:33) is the same, the ultimate bear-
ing capacity of column SM-1 and column SWM2-1 is higher
than that of column O by 13.9% and 24.8%, respectively. It
should also be noted that the ultimate bearing capacity of col-
umn SWM2-1 is 2 kN larger than that of column SWM1-1,
indicating that increasing the reinforcement ratio has a cer-
tain effect on improving the seismic performance of the
column.

The displacement ductility factor (μΔ) can be used to
express the ductility characteristics of the column, which
is defined as the ratio of the ultimate displacement of
the column to the yield displacement [12, 13]. The dis-
placement ductility factors of all columns are listed in
Table 3. As can be seen from Table 3, the displacement
ductility factor of column SWM2-1 is higher than that of
column SM-1 by 16%. This enhancement can be attributed
to the fact that the wire mesh with larger specific surface
area can improve the dispersion of reinforcement, thus
playing an active role in preventing the concrete protective
layer of the column from falling off. As can be seen from
Table 3, when the axial force ratio of the column is
increased from 0.33 to 0.48 and other test parameters
remain unchanged, it can be found that the displacement
ductility factor of the column is significantly reduced. This
is because the ultimate deformation capacity of the col-
umn becomes worse as the axial force applied to the col-
umn increases.

3.4. Energy Dissipation. The energy dissipated by the col-
umn is defined as the area surrounded by the measured
hysteresis loop during a loading cycle [14, 15]. The area
of each hysteresis loop is added up to be the total energy

Table 3: Main test results of columns.

Column

Axial
load
ratio
n0

Ultimate
bearing
capacity
(kN)

Displacement
ductility μΔ

Total energy
dissipation

(J)/numbers of
hysteresis loops

O 0.33 34.3 3.9 6840.1/25

SM-1 0.33 39.1 4.9 7838.4/31

SM-2 0.48 70.8 4.3 10962.3/30

SWM1-1 0.33 40.8 5.2 12647.0/33

SWM1-2 0.48 76.4 4.7 14973.6/35

SWM2-1 0.33 42.8 5.7 13765.7/33

SWM2-2 0.48 81.9 5.5 18579.4/39

SWM0.5-
1

0.33 43.6 6.1 15200.4/37

SWM0.5-
2

0.48 59.7 5.4 16352.7/35
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dissipated by the column in the test. The energy dissipated
in a single cycle and the accumulated energy dissipated by
the column SWM1-1 are shown in Figures 8 and 9,
respectively. Figure 8 shows that in the three cycles of
loading at the same level, the energy dissipated by the col-
umn gradually decreases. The total energy dissipated by all
columns is listed in Table 3. The reinforcement ratio of
column SWM1-1 is only higher than that of column
SM-1 by 0.201%, and the total dissipated energy of col-
umn SWM1-1 is higher than that of column SM-1 by
61.4%. This indicates that SWM-strengthened columns
can withstand seismic action more effectively and enhance
the reliability of the structure.

3.5. Strength Degradation. In the test, the strength of the
column began to decrease gradually after its bearing
capacity reached its peak. Generally, the strength degrada-
tion coefficient (ζ) is used to measure the speed of the
strength degradation of the column. As for the strength
degradation coefficient, it is defined as the ratio of the i
th cyclic peak load to the first cyclic peak load under dis-
placement loading of the same level [16–20]. When i = 3,
the ζ of each column is shown in Figure 10. It can be
observed from Figure 10 that the strength degradation of
the column increases with the increase of axial load ratio.
This is because the compressive strain on the section of
the column increases as the axial load ratio increases,
resulting in the column being damaged.

3.6. Stiffness Degradation. When the axial load ratio of the
column is equal to 0.33 and 0.48, the secant stiffness of
the column is shown in Figures 11(a) and 11(b), respec-

tively. Under the action of cyclic loading, stiffness degra-
dation occurred in all columns, which showed fast
degradation in the early stage and slow degradation in
the later stage. By comparing Figures 11(a) and 11(b), it
is found that the initial stiffness of the column under the
action of high axial load ratio is higher, but the stiffness
degrades faster. Although the stiffness of the strengthened
column increases at different stages, the effect of the
strengthening method on the stiffness degradation rate is
not obvious.

3.7. Influence of the Layers of Wire Mesh. In this test, the
layers of wire mesh are also taken as a research parameter.
The initial results show that the seismic capability of the col-
umn is enhanced after increasing the layers of wire mesh, but
the specific quantitative relationship is not concluded in this
test, which needs to be further studied.

4. Conclusions

(1) In this test, bending failure mode occurred in all
columns, and cracks on the bottom surface of
SWM-strengthened columns showed multiple and
dense distribution, and no concrete with large area
was seen to fall off at the late stage of loading

(2) After strengthened with SWM, the seismic perfor-
mance of the column is effectively improved, which
is manifested in the increase of ultimate bearing
capacity, ductile displacement, and total dissipated
energy, indicating that the strengthening method
can be applied in engineering practice
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(3) Axial load ratio is a key parameter that affects the
seismic capacity of a column. With the increase of
axial load ratio, the ultimate bearing capacity and ini-
tial stiffness of the column increase, the ductile dis-
placement decreases, and the strength degradation
and stiffness degradation accelerate
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