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Abstract: This study investigated the shear resistance and damage evolution of glass fiber-reinforced
polymer (GFRP)-reinforced concrete short columns. Five circular concrete short columns reinforced
with GFRP bars and spiral stirrups were fabricated and tested under lateral thrust in the laboratory.
The test variables involved the stirrup reinforcement ratio, the longitudinal reinforcement ratio
and the type of stirrups. The failure modes, load-displacement curves, strain responses and crack
characteristics of these columns were documented and discussed. The accuracy of shear design
equations in predicting shear capacity of such columns was evaluated. In addition, the digital image
correlation (DIC) instrument was used to identify the full-field strain and damage zones of circular
concrete short columns. Several smart aggregate (SA) transducers coupled to the surface of these
columns were used to monitor its damage status. The energy ratio index (ERI) and the damage
index based on smart aggregate were established to characterize damage level of such columns. The
test results indicate that the shear capacity is improved 5.6% and 31.1% and the lateral ultimate
displacement is increased 67.7% and 400% as the stirrup reinforcement ratio of the concrete short
column is increased from 0 to 0.19% and 0.47%, respectively. The shear capacity equation proposed
by Ali and his co-workers, considering a strain limit of 0.004E f v, gives accurate predictions of the
shear capacity of circular concrete short columns reinforced with GFRP bars and spiral stirrups. The
variation in ERI values is explained by the development of damage zones of the column obtained
with DIC technology and with the proposed damage index based on the smart aggregate it is feasible
to evaluate the damage level of circular short concrete columns.

Keywords: shear behaviors; damage assessment; circular concrete short columns; glass fiber-reinforced
polymer (GFRP); spiral stirrups

1. Introduction

Steel materials are prone to corrosion in severe environments, which degrades the
mechanical performance of steel-reinforced concrete structures and shortens their service
life [1–3]. Fiber-reinforced polymer (FRP) material that has the advantages of high tensile
strength and corrosion resistance has been advocated for replacing steel materials in bridges
and other structures to improve durability [4–6]. To solve the problem of performance
degradation of a concrete column caused by steel corrosion, some restrained concrete
columns with FRP tubes or FRP sheets have been developed [7,8]. In addition, the use
of FRP bars and stirrups instead of steel materials in concrete columns has been encour-
aged [9]; for example, glass-GFRP (GFRP) bars and spiral stirrups have been applied in
piers and piles.

Concrete columns are major bearing components in bridges and other structures [10].
Short columns are commonly used in many buildings, such as the piers of viaducts and the
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basements of tall buildings. Short concrete columns are prone to shear failure under lateral
loads induced by earthquakes, wind, ocean waves, traffic, etc. [11], as shown in Figure 1.
At present, research on the mechanical behaviors of such concrete columns reinforced
with FRP bars and stirrups is limited. Furthermore, damage assessment for short concrete
columns is important for providing early warning of possible brittle shear failure. As a
result, it is necessary to study the shear behaviors and damage status of concrete short
columns reinforced with FRP bars and stirrups.
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Figure 1. Shear failure of concrete short columns. (a) Circular concrete short columns, (b) Cubic
concrete short columns.

In recent decades, the shear behavior of concrete beams of rectangular cross-section
reinforced with FRP materials has been studied [12–16]. Al-Hamrani et al. [17] has reported
on the shear behavior of basalt fiber-reinforced concrete beams reinforced with basalt-FRP
(BFRP) bars and glass-FRP (GFRP) stirrups. His study revealed that shear strength and
stiffness of concrete beams were significantly reduced if GFRP stirrups were used instead of
steel stirrups. The study by Razaqpur et al. [18] verified the accuracy of the shear strength
prediction equations in different codes and found that the shear strength of FRP-reinforced
concrete members is best predicted by the CSA code. The shear behaviors of circular
concrete beams with FRP bars and stirrups have also been investigated [10,11,19]. The
research by Mohamed et al. [10,20] indicated that a higher shear capacity was exhibited
in circular beams reinforced with carbon-FRP (CFRP) bars and spirals rather than that
steel. In addition, Mohamed et al. modified the design equations to better evaluate the
shear capacity of circular beams reinforced with FRP spirals. The study by Ali et al. [11,20]
showed that the shear capacity of circular beams was improved by using FRP hoops
replacing FRP spirals and found that the contribution arch action to shear strength was
significant for circular beams with a shear-span ratio less than 2.0. To date, however,
the study on the shear resistance of circular concrete columns reinforced with FRP bars
and spiral stirrups is rather limited and the shear contribution of FRP spiral stirrups in
concrete columns has not been clarified. Moreover, the shear design equations proposed for
FRP-reinforced concrete beams with a rectangular cross-section [21–24] have not yet been
proved to be applicable to FRP-reinforced concrete columns with a circular cross-section.

The failure of concrete structures is attributed to the accumulation of damage and a
structure’s safety and remaining safe service life can be estimated by the damage level [25].
If the damage initiation of circular concrete columns reinforced with FRP bars and spiral
stirrups can be detected, the crack development can often be controlled and brittle shear
failure can be avoided. At present, inexpensive yet sensitive piezoelectric transducers with
a fast response time are widely used for monitoring the health of structures [26–28]. A
series of studies has shown that piezoelectric transducers can be used to detect the cracks
and evaluate the damage status of a concrete structure [29,30]. Moslehy et al. [31] carried
out the damage monitoring of concrete columns under cyclic combined loading using
smart aggregate (SA) transducers. His study revealed that a damage index established by



Polymers 2023, 15, 567 3 of 27

the wavelet packet method can accurately reflect the development of damage. Research by
Xu et al. has demonstrated the effectiveness of damage monitoring of the concrete columns
under blast loads using piezoceramic transducers [32]. Monitoring with piezoelectric
transducers can be supplemented by digital image correlation (DIC). It is commonly used
to observe full-field strain and identify damage zones [33–35]. There has, however, been
little published on explaining the variation in piezoelectric signals using the damage
zones obtained with DIC. Furthermore, the damage indexes established in numerous
studies using piezoelectric transducers are never associated with damage parameters of
concrete structures.

In this paper, five circular concrete short columns reinforced with GFRP bars and
spiral stirrups were fabricated and subjected to lateral thrust to study their shear behaviors
and damage status. The failure modes, load-displacement curves, strain responses and
crack characteristics of these columns were studied and discussed. The experimental
data were applied to assess the accuracy of existing design equations of shear strength
in predicting the shear capacity of circular concrete short columns reinforced with GFRP
bars and spiral stirrups. In addition, several smart aggregate transducers were pasted
on the surface of these columns to monitor their damage status. DIC was also used to
obtain the full-field strain and aggregates were compared with those determined using
the load-displacement curves. The development of damage zones identified using DIC
explained the changes in the energy ratio index (ERI) based on the signal received by
the smart aggregate. The damage indexes established using the smart aggregate were
compared with those determined using the load-displacement curves.

2. Experimental Program
2.1. Materials
2.1.1. Concrete Materials

Commercial concrete with coarse aggregate particle size less than 30 mm was used in
this test and the design compressive strength was 40 MPa. The standard cubic specimens of
size 150 mm× 150 mm × 150 mm were reserved for compressive strength test. The 28-day
compressive strength of the test specimens was 41.8 MPa, 44.5 MPa and 49.1 MPa, for an
average of 45.1 MPa.

2.1.2. Reinforcing Materials

The GFRP longitudinal bars were provided by Guangdong Dextra Building Materials
Co., Ltd. (Guangzhou, China). The GFRP spiral stirrups, which were manufactured by
Guangdong Pulwell Composites Co., Ltd. (Zhongshan, China), were adopted in this test.
The diameter of the GFRP longitudinal bars was 13 mm and that of the spiral stirrups
was 6 mm. In addition, the round steel stirrups with diameters of 6 mm were adopted in
this experiment, which are designed as a comparison specimen with the test specimens
constructed using GFRP spiral stirrups. The GFRP longitudinal bars (Figure 2a), the spiral
stirrups (Figure 2b) and the round steel stirrups (Figure 2c) are illustrated in Figure 2. The
tensile properties of GFRP bars were obtained by tensile test according to ACI 440-3R
standard [36] and the mechanical properties of the reinforcing materials are summarized in
Table 1.

Table 1. Mechanical properties of reinforcing materials.

Type Diameter
(mm)

Area
(mm2)

Surface
Treatment

Yield
Strength

(MPa)

Tensile
Strength

(MPa)

Elastic
Modulus

(GPa)

Fracture
Strain

(%)

A 13 132.7 SWSC - 1047.2 57.9 1.81
B 6 28.3 SWSC - 860.0 46.5 1.85
C 6 28.3 - 444.3 483.2 210.0 -

Note: A, B and C represent GFRP longitudinal bar, GFRP spiral stirrup and round steel stirrup, respectively.
SWSC stands for spiral wound and sand coated.
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2.2. Specimen Design and Fabrication

Five circular concrete short columns were designed, and their parameters are listed
in detail in Table 2. The experimental variables were the stirrup reinforcement ratio, the
longitudinal reinforcement ratio and the type of stirrup. The GFRP bars were used as longi-
tudinal reinforcement for all concrete short columns. Column G1 was the standard contrast
test specimen with a longitudinal reinforcement ratio of 1.5% and a stirrup reinforcement
ratio of 0.19%. Column G2 had a higher stirrup reinforcement ratio (0.47%) and column G4
had a higher longitudinal reinforcement ratio (2.25%) than column G1. Column G3 had no
stirrups and column S1 used a steel stirrup. All of the concrete short columns were 300 mm
in diameter, 400 mm in clear height, 600 mm in lateral force point height and 20 mm in
concrete protective layer. Concrete blocks reinforced with steel bars and stirrups were
constructed at each end of the concrete short column. The bottom concrete block, which
has a size of 1000 mm (length) × 450 mm (width) × 500 mm (depth), served as a fixed end,
providing sufficient stiffness to prevent the whole component from overturning during the
loading process. The top concrete block, which has a size of 415 mm (length) × 415 mm
(width) × 400 mm (depth) was used to apply the load. The ensemble is shown in Figure 3
and the detailed structure of the concrete short column is illustrated in Figure 4. The
longitudinal reinforcement ratio was varied by changing the number of longitudinal bars.
Their layout in columns G1 and G4 is presented in Figure 5a. The stirrup reinforcement
ratio was varied by changing their spacing. That layout in columns G1 and G2 is shown in
Figure 5b.

Table 2. Detailed parameters of concrete short columns.

Name Shear-Span Ratio Type of
Longitudinal Bars Type of Stirrups

Longitudinal
Reinforcement

Ratio (%)

Stirrup
Reinforcement

Ratio (%)

G1 1.33 GFRP GFRP 1.50 0.19
G2 1.33 GFRP GFRP 1.50 0.47
G3 1.33 GFRP - 1.50 0.00
G4 1.33 GFRP GFRP 2.25 0.19
S1 1.33 GFRP Round steel 1.50 0.19

Note: G and S represent GFRP spiral stirrup and round steel stirrup, respectively.
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The fabrication of the concrete short columns is shown in Figure 6. Firstly, one end
of each longitudinal bar was inserted into a steel sleeve and the expansive cement was
poured between the steel sleeve and the longitudinal bar. This aims to ensure that the
longitudinal bar was fully anchored in the bottom concrete. Secondly, the longitudinal bars
were positioned using steel plate fixtures and the stirrups were fixed along the longitudinal
bars at regular intervals. The longitudinal bars were tied together with the stirrups to form
a reinforcement cage, see Figure 6a. Subsequently, a PVC tube served as formwork for
the column. A cut was reserved in the upper part of the PVC tube, which is designed to
ensure the compactness of the column through the outflow of the concrete slurry. The
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reinforcement cage was placed inside the PVC tube and wooden molds for the top and
bottom blocks, see Figure 6b. Finally, the commercial concrete was cast and the formwork
was removed when the concrete reached sufficient strength, see Figure 6c. All of the test
specimens were watered daily during curing.
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Figure 6. Fabrication of the concrete short columns. (a) Positioning of longitudinal bars, (b) Before
the casting, (c) After the casting.

2.3. Test Setup and Procedure

Ten strain gauges (S1–S10) were attached to each spiral stirrup from the bottom to
the top of the column at intervals of 180◦ (see Figure 7a). These strain gauges are used to
assess the level of shear contribution of the stirrups. Three strain gauges (T1–T3, B1–B3)
were attached to the longitudinal bars on the tension and the compression sides of the
column to track its deformation. In addition, four concrete strain gauges (C1–C4) were
uniformly pasted on the surface of concrete along the anticipated direction of the main
diagonal crack, which aims to identify the status and deformation of the concrete. As
shown in Figure 7b, four linear variable differential transformers (LVTDs) were installed
along the column height direction to monitor the lateral displacement. These strain gauges
and LVDTs were connected to a TDS 530 acquisition system to collect corresponding data,
as shown in Figure 8a.
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The lead zirconate titanate (PZT) patch is the major component of a smart aggregate
(SA). The PZT patch is first embedded in the copper shell and then embedded in the
marble [29]. The copper shell serves as shielding protection and the marble functions
as mechanical protection and waterproof agent [29]. As shown in Figure 8b, three SA
transducers were arranged at the end, middle and top, respectively, of the column to detect
damage. Considering that cracks could occur at the bottom end of the column, which could
affect the SA monitoring. Therefore, the SA located at the end of the column was bonded
on the bottom concrete block. The instrumentation for the SA transducers is presented in
Figure 8b. It includes a data acquisition and a power amplifier. A sine sweep signal with an
amplitude of 5 V was selected as the excitation signal. Considering that the environmental
noise of most structures is generally within 100 Hz, the frequency of sine sweep signal was
selected in the range of 100 Hz–100 kHz. The sampling time and sampling frequency were
set to 1 s and 1 MHz, respectively.

As shown in Figure 9, a multi-channel hydraulic servo loading system with a capacity
of 500 kN was used to apply the lateral force on the concrete short column in this test. Lateral
force was applied to all columns by using load-controlled under constant compression
load. Before cracking, the column was lateral loaded with a loading step of 2 kN and a
loading rate of 2 kN/min. The loading step was 4 kN after cracking of the concrete columns
and 2 kN when approaching the failure of the specimens. The constant compression
load was set at 90 kN, which aimed to restrain the upper end. Therefore, the influence
of small compressive stress on the shear behavior is ignored in this paper. The data of
load, displacement, strain, crack width and piezoelectric signal were recorded after each
loading step. In addition, concrete surface of the column was painted with a carrier speckle
pattern to serve as a monitoring area for digital image correlation (DIC) (see Figure 9). The
three-dimensional DIC equipment took images once per second during the loading process.
Those images were helpful for analyzing the changes in displacement, strain and cracks of
these columns.
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Figure 9. Loading configuration of test specimen.

3. Results and Discussion of Shear Behaviors
3.1. Crack Patterns and Failure Mode

Figure 10 shows the crack patterns observed in the tests. The test results of all concrete
short columns are presented in Table 3. The first crack appeared at the bottom end of these
columns, except for column S1 reinforced by round steel stirrups. The load corresponding
to the first crack was between 24 and 36 kN. The second and third cracks appeared in
the upper or lower part of these columns, and the second crack corresponding load was
between 42 and 59 kN. The third crack appeared at loads between 60 and 70 kN. However,
notably, the third crack in column S1 appeared only on the other side. Before the load
reached 75 kN, the first, second and third cracks developed substantially perpendicular
to the height of the column. On increasing the applied load, these horizontal cracks
propagated toward the concrete compression zone at the foot of the column and formed
a main diagonal shear crack and several branch cracks. The shear crack then propagated
to both ends and the concrete in the column’s compression zone was crushed, leading to
failure. Such shear-compression failure was observed in all of the tested columns.
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Figure 10. Crack patterns of the concrete short columns. (a) Specimen G1, (b) Specimen G2, (c) Speci-
men G3, (d) Specimen G4, (e) Specimen S1.
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Table 3. Test results of all test specimens.

Name

The Load Corresponding to Crack Occurrence
(kN) Shear

Capacity
(kN)

Ultimate
Displacement

(mm)

Ratio of
Cracking Load

to Shear
Capacity (%)

Failure
ModeFirst

Crack
Second
Crack

Third
Crack

Fourth
Crack

G1 24 51 70 - 95 10.4 25.3 Shear-compression
G2 36 56 61 - 118 31.0 30.5 Shear-compression
G3 33 59 69 - 90 6.2 36.7 Shear-compression
G4 36 42 60 85 113 15.6 31.9 Shear-compression
S1 24 50 65 80 108 12.2 22.2 Shear-compression

It can be seen in Table 3 that the cracking loads of the standard contrast column (G1)
and column reinforced by round steel stirrups (S1) are lower than that of the column
without stirrups (G3). However, the increase of stirrup reinforcement and longitudinal
reinforcement ratio (in G2 and G4) can improve the cracking load compared with the test
specimen G1. The shear capacity of test specimen G3 without stirrups is 90 kN. G1 with a
stirrup reinforcement of 0.19% and G2 with a stirrup reinforcement of 0.47% have a shear
capacity of 95 kN and 118 kN, respectively. Compared to column G3, the shear capacity
of column G1 and G2 is increased by 5.6% and 31.1%, respectively. Increasing the stirrup
reinforcement ratio restricts the propagation of diagonal cracks, which is equivalent to
improving the shear contribution of concrete. The shear capacity of the column is improved
by 18.9% as the longitudinal reinforcement ratio increases from 1.5% to 2.25%. The increase
in longitudinal reinforcement leads to an enhanced dowel effect, which improves the shear
capacity of the column. Compared to a column reinforced with GFRP spiral stirrups (G1), a
slightly higher shear capacity of 13.7% occurs in the column reinforced with round steel
stirrups (S1). As the elastic modulus of the steel stirrups is larger than that of the GFRP
spiral stirrups, which results in stronger radial restraint of steel stirrups on the column,
and thus improves the shear capacity of the column. The ratio of cracking load to shear
capacity of all concrete short columns is distributed between 22.2% and 36.7%. The effects
of the stirrup reinforcement ratio, the longitudinal reinforcement ratio and the stirrup type
on shear capacity of tested columns are shown in Figure 11.
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3.2. Load-Displacement Curves

The load-displacement curves on the top of the concrete short columns obtained with
LVDT (D2), as shown in Figure 7b, and DIC are shown in Figure 12. It can be seen that the
load-displacement curves obtained with LVDT are almost consistent with that obtained with
the DIC instrument. All the load-displacement curves can be divided into three phases. The
first phase is from the start of loading until the cracking load. The displacement develops
slowly in this stage due to the higher lateral rigidity of the concrete column. The second
phase is from the cracking load to about 75 kN which is the development and propagation
of flexural cracks. The stiffness of the column is decreased with the appearance of the initial
crack and then the displacement is increased almost linearly by increasing the applied
load in this phase. The third phase is during the formation and development of the main
diagonal shear crack and it ends with the failure of the column. Each small load increment
significantly results in larger displacement in this stage.
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Figure 12. The effect of three parameters on the load-displacement curves. (a) Stirrup reinforcement
ratio, (b) Longitudinal reinforcement ratio, (c) Type of stirrups.

It can be seen in Figure 12 that the load-displacement curves in the first and second
phase (before 75 kN) are barely affected by the stirrup reinforcement ratio, the longitudinal
reinforcement ratio and the type of stirrups. While the stiffness of load-displacement
curves in the third stage is enhanced by increasing the longitudinal reinforcement ratio, see
Figure 12b. On increasing the stirrup reinforcement ratio from 0% to 0.19% and 0.47%, the
displacement corresponding to the shear capacity, namely the ultimate displacement, of
these columns is increased by 67.7% and 400.0%, respectively; see Table 3 and Figure 12a.
The displacement corresponding to the shear capacity is improved by 50.0% when the
longitudinal reinforcement ratio of a column increases from 1.5% to 2.25%, as shown in
Figure 12b. This indicates that the ductility of the column is improved by increasing the
stirrup and the longitudinal reinforcement ratios, especially the stirrup reinforcement ratios.
As expected (see Figure 12c), the displacement corresponding to the shear capacity of the
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column reinforced by GFRP spiral stirrups (G1) is slightly smaller than that of the column
reinforced by round steel stirrups (S1). On the whole, however, the load-displacement
curves of the column reinforced by GFRP spiral stirrups (G1) and round steel stirrups (S1)
are similar. This indicates that it is feasible to use GFRP spiral stirrups instead of round
steel stirrups in concrete short columns. The effects of the stirrup reinforcement ratio, the
longitudinal reinforcement ratio and the stirrup type on ultimate displacement of tested
columns are shown in Figure 13.
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Figure 13. Shear capacity comparisons.

The lateral displacements of the columns from the bottom to the top obtained by
DIC are shown in Figure 14. Prior to the formation of the main diagonal cracks (that is,
before about 75 kN for these columns), the displacement is almost linearly distributed
along the direction of the column height. Afterwards, the lateral displacement is increased
significantly due to the formation and propagation of the main diagonal crack. The lateral
displacement along the column height is then no longer linearly distributed, because the
column is broken into multiple concrete blocks by the diagonal cracks.
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Figure 14. The lateral displacement of the columns obtained by DIC. (a) Test specimen G1, (b) Test
specimen S1.
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3.3. Strain Responses
3.3.1. Concrete Strain

It is difficult to detect the strain at the main diagonal crack by using strain gauges
attached to the concrete surface. Therefore, the strain corresponding to the acquisition
point at the main diagonal crack (see Figure 15) is extracted by using the DIC technique.
The effects of different parameters on the concrete strain are shown in Figure 15. It can
be seen that the concrete strain values are at a small level prior to the onset of the main
diagonal crack. Then, the concrete strain values are increased rapidly with the formation
of the main diagonal crack. The load corresponding to the abrupt change in concrete
strain values is improved by increasing stirrup and longitudinal reinforcement ratios (see
Figure 15a,b). This indicates that the increase in stirrup and longitudinal reinforcement
ratios can effectively inhibit the formation of a main diagonal crack. Figure 15c shows that
the load corresponding to the abrupt change in concrete strain values for specimen G1 is
almost the same as that for specimen S1 reinforced with round steel stirrups. This shows
that the load corresponding to the formation of a main diagonal crack is barely affected by
the type of stirrups.
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3.3.2. Reinforcement Strain

Figure 16 presents the tensile and compressive strains of the longitudinal reinforce-
ment. The maximum tensile and compressive strains occur at the bottom of the longitudinal
reinforcement. Both the tensile and compressive strains in the longitudinal reinforcement
are insignificant before the concrete cracks. As the applied load increases, the tensile strains
at T3, T2 and T1 develop inflection points in turn, after which they increase at a faster rate.
The inflection points mean that the tensile stress provided by the concrete is transferred
to the longitudinal tensile reinforcement due to the occurrence of flexural cracks. Strain
gauge T3 at the bottom of the longitudinal reinforcement is easily damaged, caused by the
generation of cracks. Therefore, the strain gauges T2 and B3 are selected to analyze the
contribution level of longitudinal reinforcement of the columns with different parameters
(see Figure 17). It can be observed from Figure 17a,b that the tensile and compressive
strains increase by increasing the applied load, and this increase is mitigated after the
occurrence of flexural cracks when a longitudinal reinforcement ratio of 2.25% and a stirrup
reinforcement ratio of 0.47% are used. Figure 17b indicates that the contribution level
of the longitudinal reinforcement after the occurrence of flexural cracks is weakened by
increasing the stirrup reinforcement ratio. As shown in Figure 17c, the tensile strain in the
longitudinal reinforcement at loads greater than 60 kN is greater in column G1 than column
S1. Compared with GFRP spiral stirrups, the steel stirrups with higher elasticity modulus
can better restrain the development of diagonal cracks and reduce the lateral deformation.
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Figure 16. Strain in the longitudinal reinforcement. (a) Test specimen G1, (b) Test specimen S1.
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Figure 17. The effect of three parameters on the strain in the longitudinal bars. (a) Stirrup reinforce-
ment ratio, (b) Longitudinal reinforcement ratio, (c) Type of stirrups.

Although multiple strain gauges are used to record strains in the stirrups, the main
diagonal crack does not always cross the stirrups where the strain gauges are located. The
larger strain values recorded by two gauges near the main diagonal crack are therefore
selected for analysis, as shown in Figure 18. Stirrup strain is small before the main di-
agonal crack formed, which means that the shear resistance is mainly provided by the
concrete. Thereafter the stirrup strain is increased sharply, indicating that the internal force
is transferred from the concrete to the stirrups and the stirrups are providing more of the
shear resistance. Figure 18a shows that stirrup strain is reduced by increasing the stirrup
reinforcement ratio after the formation of the main diagonal crack. This can be attributed to
the fact that the shear force is distributed over a larger number of stirrups. Increasing the
longitudinal reinforcement ratio also decreases the strain in the stirrups after the formation
of the main diagonal crack (see Figure 18b). Since the increase in the number of longitudinal
bars leads to an improvement in the shear force carried by the dowel action and a decrease
in the shear force carried by the stirrups under the same load. The values of stirrup strain
in column G1 are greater than that of column S1 at the stage of approaching failure, as
shown in Figure 18c. This could be attributed to the fact that the steel stirrups have higher
elastic modulus that restricts the development of the main diagonal crack.
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Figure 18. The effect of three parameters on strain in the stirrups. (a) Stirrup reinforcement ratio,
(b) Longitudinal reinforcement ratio, (c) Type of stirrups.

3.4. Crack Development

Figures 19–21 display principal strain nephograms of test specimens (G1, G3, S1)
under various loading steps obtained by using DIC. The principal strains in the areas
monitored by DIC ranged from 0 to 10,000 micro-strains. In the figures, the regions where
the strain is close to 0 micro-strain are shown in purple and the regions where the strain
approaches 10,000 micro-strains are presented in red. The red regions roughly correspond
to the damage zones of the concrete surface. It can be seen from Figures 19–21 that, as
would be expected, the number and length of damage zones are increased by increasing
the applied load. The distribution and development of damage zones are consistent with
the observed cracks (see Figure 10), which indicates that the propagation of cracks can be
reflected by the damage zones. The first cracks in columns G1 and G3 are at the bottom
of the column where they could not be detected with DIC in this setup. Since the damage
zone at the bottom of the column is not in the areas monitored with DIC.

As shown in Figures 19–21, the initial flexural crack consistently occurred in the
bottom of a column. Increasing the applied load results in the propagation of an initial
flexural crack and the formation of additional flexural cracks. The flexural cracks deflect at
an applied load of about 80 kN and begin to form flexural-shear diagonal cracks. Further
increase in the applied load promotes the development of those flexural-shear diagonal
cracks, forming the main diagonal shear crack. The main diagonal shear crack eventually
propagates through the entire cross-section of the column, causing its failure.
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Figure 19. Principal strain nephograms of test specimen G1. (a) 24 kN, (b) 36 kN, (c) 51 kN, (d) 70 kN,
(e) 80 kN, (f) 90 kN.
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Figure 20. Principal strain nephograms of test specimen G3. (a) 33 kN, (b) 44 kN, (c) 64 kN, (d) 69 kN,
(e) 80 kN, (f) 90 kN.
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3.5. Theoretical Analysis of Shear Capacity
3.5.1. Shear Strength Contribution of FRP Spiral Stirrups

The shear strength of a column without stirrups is mainly provided by the shear
resistance of uncracked concrete, dowel action between the longitudinal bars and the
concrete, residual tensile stress and interlock effect between aggregates at the diagonal
cracks. Moreover, the contribution of an arch effect to shear strength cannot be ignored
for these members with a shear-span ratio less than 2.5 [37]. In a column with spiral
stirrups, apart from the above concrete shear contribution components, spiral stirrups
provide additional shear resistance. Furthermore, using spiral stirrups in the concrete
column can improve several shear contribution components of concrete. This is attributed
to the following: (1) The use of spiral stirrups can inhibit the development of diagonal
cracks, thus increasing the contribution of aggregate interlock to shear strength. (2) The
position locking of the spiral stirrups to longitudinal bars can improve the contribution of
dowel action to shear strength. (3) The binding of spiral stirrups with the longitudinal bars
forms a stable cage, which can effectively restrain the concrete in the core area and improve
its strength, thus improving the contribution of uncracked concrete in core area to shear
strength.

The efficiency of spiral stirrups in resisting shear force is reduced compared with
the discrete hoop stirrups. Only a component of the force in the helical link can resist
shear force resulting from the spiral inclination and geometric curvature of spiral stirrups
(see Figure 22). The shear strength provided by the spiral stirrups (Vf ) can be estimated
by introducing two factors, λ1 and λ2, representing the geometric curvature of the spiral
stirrup and the spiral inclination [38]. Combined with the traditional truss mode, the
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effective stress of the spiral stirrup ( f f v) of the test specimen at failure can be expressed as
follows:

f f v =

(
Vexp −Vc

)
s

λ1λ2 A f vd cot θ
(1)

where Vexp refers to the shear strength of the test specimen at failure; Vc is the shear
strength provided by the concrete; θ means the angle of inclination of main the diagonal
crack; A f v represents the cross-sectional area of the spiral stirrup; s and d refer to the pitch
of spiral stirrups and the effective depth, respectively. In this calculation, in accordance
with reference [10], the values of λ1 and λ2 are taken as 0.85 and 1.0, respectively. The d for
circular concrete members can be determined according to AASHTO LRFD bridge design
specifications [39], as below:

d =
D
2
+

Dr

π
(2)

where D is the diameter of the circular cross-section and Dr is the diameter of the circle
passing through the centers of the longitudinal reinforcement. It is worth noting that the
applied vertical compression load is relatively small in this study, so its influence on shear
strength is ignored.
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Figure 22. Shear transfer mechanism of a circular column with spiral stirrups. (a) Front view,
(b) Top view.

In this experiment, the shear resistance is considered to be provided by the concrete
when the strain of the spiral stirrup is less than 100 micro-strains. That enables determining
Vc. The angle of inclination of the main diagonal crack is not easily measured, so 45◦ was
assumed in this study. Figure 23 shows the ratio of the effective stress of spiral stirrups
( f f v) calculated according to Equation (1) to the ultimate tensile strength ( f f u) of a GFRP
straight bar. It can be observed that the effective stress of the spiral stirrups is 23.5%, 20.1%
and 26.0% of the ultimate tensile strength of a GFRP straight bar for columns G1, G2 and
G4, respectively. The effective stress of the spiral stirrup is decreased with the increase in
the stirrup reinforcement ratio, while it is improved by increasing the ratio of longitudinal
tensile reinforcement. The effective stress of the spiral stirrups is compared with the limit
of two specifications (see Figure 23). It can be found that the average effective stress of
the spiral stirrups in the test specimens is 0.0043E f v, E f v is the elasticity modulus of GFRP
stirrup. That exceeds the ACI strain limit (0.004E f v) [21], but is lower than the CSA stress
and strain limits (0.4 f f u and 0.005E f v) [22]. Accordingly, the shear strength provided by
the spiral stirrups in a column can be predicted relatively accurately using a strain limit of
0.004E f v.
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3.5.2. Prediction and Comparison of Shear Capacity

Currently, existing specifications have not been used to evaluate the shear capacity
of circular concrete columns reinforced with FRP bars and spiral stirrups. In this section,
four shear design specifications which might be applied to predict the shear capacity of the
concrete columns reinforced with GFRP bars and spiral stirrups are summarized in Table 4.
The detailed equations of shear capacity of FRP-reinforced concrete members are composed
of Vc and Vf . Vc depends on the axial compressive strength of concrete, the longitudinal
tensile reinforcement ratio, the effective depth, the width of the section and other factors.
However, only the CSA code takes into account the shear–span ratio in predicting Vc. The
expressions for calculating Vf are similar in these specifications, with the main difference
being the limit value of f f v. In addition, the angle of inclination of the main diagonal crack
is considered in the CSA code and the angle of inclination of the spiral stirrups is employed
in the ACI and JSCE formulations for calculating Vf .

Table 4. Design equations for calculating shear capacity.

Code
Shear Design Equation

Vc Vf

ACI 440.1R-15 [21]

Vc = 0.4
√

f ′cbw(kd)

k =
√

2n f ρ f +
(
n f ρ f

)2 − n f ρ f

n f = E f /Ec

Vf =
A f v f f vd

s (sin α)

CSA-S806 [22]

Vc = 0.05λkakskmkr( f ′c)
1/3bwdv

1 ≤ ka = 2.5Vd/M ≤ 2.5
ks = 750/(450 + d) ≤ 1
km = (Vd/M)1/2 ≤ 1
kr = 1 + (E f ρ f )

1/3

Vf = A f v f f vdv cot θ/s
dv = 0.9d

JSCE 1997 [23] Vc = 0.2 4
√

1000/d 3
√

100
A f
bwd

E f
Es

3
√

f ′cbwd

Vf =
A f v E f vε f vd(sin α+cos α)

s z

ε f vd = 10−4

√
( h

300 )
− 1

10 f ′c
ρ f E f

ρ f v E f v

z = d/1.15

BISE 1999 [24] Vc = 0.79
( 100ρ f E f

Es

)1/3(
400
d

)1/4( f ′c
25

)1/3
bwd Vf =

0.0025E f v A f vd
s

Note: Vc and Vf are the shear strength provided by concrete and by FRP spiral stirrups, respectively; f ′c is the axial
compressive strength; α is the angle of inclination of the spiral stirrups; bw refers the width of a section; bw = D
for circular concrete members. E f , E f v and Es are the elasticity modulus of the longitudinal reinforcement, the
spiral stirrups and steel bars, respectively. ρ f and ρ f v are the longitudinal tensile reinforcement and the stirrup
reinforcement ratios, respectively.
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Ali et al. [11] recommended introducing λ1, λ2 and λs to calculate the shear strength
provided by FRP spiral stirrups, as follows:

Vf = λ1λ2λs
A f v f f vdv

s
cot θ (3)

where λs is a strength reduction, taken as 0.85 for GFRP spiral stirrups. dv is the effective
height of concrete members, dv = 0.9d. Based on the findings in Figure 23, it is recom-
mended that the effective stress of the GFRP spiral stirrup ( f f v) be considered to be 0.004E f v.
In addition, the shear strength offered by the concrete can be accurately predicted by the
design equation in the CSA code considering the arch effect. Therefore, the shear capacity
of a circular concrete short column reinforced with FRP bars and spiral stirrups can be
calculated by combining Equation (3) with Vc in the CSA code. It provides more reasonable
and accurate prediction results than other specifications (see Table 5 and Figure 24), with
an average value of experimental to predicted shear capacity ratio of 0.94. Therefore, the
shear capacity equation proposed by Ali et al. is more precise with regard to predicting the
shear capacity of circular concrete short column-reinforced GFRP bars and spiral stirrups.

Table 5. Comparison of predicted and tested shear capacities.

Name
ACI 440.1R-15 CSA-S806 JSCE 1997 BISE 1999 Proposed by Ali

et al.

Vc
(kN)

Vf
(kN)

Vexp
Vpred

Vc
(kN)

Vf
(kN)

Vexp
Vpred

Vc
(kN)

Vf
(kN)

Vexp
Vpred

Vc
(kN)

Vf
(kN)

Vexp
Vpred

Vc
(kN)

Vf
(kN)

Vexp
Vpred

G1 25.9 23.4 1.93 90.4 26.6 0.81 50.7 8.0 1.62 54.5 14.8 1.37 90.4 15.4 0.90
G2 25.9 59.1 1.39 90.4 66.6 0.75 50.7 11.7 1.89 54.5 37.0 1.29 90.4 38.5 0.92
G3 25.9 - 3.47 90.4 - 1.00 50.7 - 1.78 54.5 - 1.65 90.4 - 1.00
G4 31.1 23.4 2.0 102.0 26.6 0.88 58.1 9.8 1.66 62.4 14.8 1.46 102.0 15.4 0.96

Average - - 2.22 - - 0.86 - - 1.74 - - 1.44 - - 0.94
SD - - 0.77 - - 0.09 - - 0.11 - - 0.13 - - 0.04
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Figure 24. Comparison of predicted and tested shear capacities.

4. Damage Assessment and Discussion Based on Piezoceramic Transducers
4.1. Damage Detection Principles of Concrete Short Column Enabled Active Sensing

In this study, several smart aggregate (SA) transducers were used to monitor the
crack development and evaluate the structural damage of the concrete short columns. The
active sensing technology that is, using a pair of SAs, one as the actuator and the other
as the sensor, was adopted [40,41]. The stress waves were generated by the SA acting as
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actuator and are received by the SA acting as sensor. As shown in Figure 25, SA1 acts as
an actuator and SA3 acts as a sensor, which aims to monitor the overall structural damage
of the column. In addition, using SA1 as the actuator and SA2 as the sensor can detect
the damage of the lower part of the column. Similarly, the damage of the upper part of
the column can be detected by using SA2 which functions as an actuator and SA3 which
functions as a sensor.
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Figure 25. The damage detection principle of a column. (a) Healthy status, (b) Crack in the lower
part, (c) Crack in the upper part.

In Figure 25a, with a healthy state in the column, the stress wave propagates along
the concrete structure barely with attenuation. As shown in Figure 25b, with a crack in the
lower part of the column, the propagation of stress wave generated by SA1 is impeded
by the crack, resulting in the attenuation of the stress wave received by SA2 and SA3.
However, the stress wave generated by SA2 and received by SA3 has little attenuation,
since no cracks are present in the upper part of the column. When a crack appears at the
upper part of the column (see Figure 25c), the stress wave generated by SA1 is received by
SA2 with small attenuation. It is received by SA3 with significant attenuation due to the
obstruction of the crack. Therefore, the cracks can be localized and the damage status of the
overall structure can be evaluated according to the variation in the received stress wave.

4.2. Time-Domain and Frequency-Domain Analysis

Time-domain signals of the overall structure, that is, the stress wave generated by SA1
and received by SA3, are presented in Figure 26. After the column is cracked, the increased
load results in a decrease in the amplitude of the time-domain signal. This is caused by the
generation and development of cracks that hinder the propagation of stress waves. It also
indicates that the damage level of the columns is constantly increasing. When the columns
are close to the failure status, the received time-domain signals are roughly on the level
of the noise in the signals. This indicates that the propagation of the stress wave is mostly
impeded due to cracks penetrating the entire column cross-section (see Figure 21).
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Figure 26. Time-domain signals of the test specimens. (a) Test specimen G1, (b) Test specimen G3,
(c) Test specimen S1.

Frequency-domain diagrams corresponding to the time-domain signals in Figure 26
are shown in Figure 27. It can be found that the amplitude of frequency-domain diagrams
shows a decreasing trend by increasing the load when the column is in a cracked state.
For the column without stirrups (see Figure 27b), two peaks with similar amplitude are
presented, corresponding to the frequencies of about 19 kHz and 68 kHz. The configuration
of the GFRP spiral stirrups in the column, as shown in Figure 27a, causes the first peak to
shift to the right and the second peak to move to the left. The amplitude of the second peak
is smaller than that of the first peak and the two peaks correspond to frequencies of about
21 kHz and 63 kHz, respectively. For the column with round steel stirrups (see Figure 27c),
there is only one peak, which corresponds to a frequency of 32 kHz. That appears to
be obtained by merging the first and second peaks of the column without stirrups. This
means the first peak is shifted to the right and the second peak is moved to the left due to
the configuration of round steel stirrups. The above analysis shows that the frequencies
corresponding to the peaks are varied with the configuration of the stirrups in the column.

4.3. Energy Ratio Index (ERI) Analysis Based on Wavelet Decomposition Method

Wavelet decomposition is a common method of signal processing in structural health
monitoring [42]. In this study, wavelet decomposition is used to decompose the original
signal (S) into two parts: a detailed signal with a high frequency (D1) and an approximation
signal with a lower frequency (A1). The approximation signal (A1) is then further decom-
posed into a second-level detailed signal with a higher frequency (D2) and a second-level
approximation signal with a lower frequency (A2), and so on. Finally, the original is de-
composed into D1, D2, D3, . . . , Dn−1, Dn and An after n rounds of decomposition, termed
n-level wavelet decomposition (see Figure 28). It can be observed from the process of
n-level wavelet decomposition that only the obtained approximation signal is decomposed,
which indicates that wavelet decomposition is more suitable for processing signals with
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low-frequency information. In addition, detailed information in different frequency bands
can be extracted through wavelet decomposition.
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Figure 27. Frequency-domain diagrams for three test specimens. (a) Test specimen G1, (b) Test
specimen G3, (c) Test specimen S1.
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Figure 28. Wavelet decomposition.

In n-level wavelet decomposition, the original signal (S) is divided into n+1 signals
corresponding to different frequency bands. Those signals in different frequency bands can
be represented by a set Xj, which can be expressed as:

Xj =
[
Xj,1, Xj,2, Xj,3 . . . Xj,m−1, Xj,m

]
(4)
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where j represents the frequency bands (j = 1, 2, 3, . . . n−1, n, n+1) and m represents the
amount of sampling data. The energy of those signals in different frequency bands can be
obtained as:

Ej =
∥∥Xj

∥∥2
2 =

k=m

∑
k=1

X2
jk = X2

j,1 + X2
j,2 + X2

j,3 + . . . X2
j,m−1 + X2

j,m (5)

In this experiment, the signal collected each time is denoted as Si and the correspond-
ing energy in different frequency bands obtained by the n-level wavelet decomposition
can be expressed as Ei,j. Therefore, an energy ratio index in the different frequency bands
(ERI j) can be defined as:

ERIj =
Ei,j

E1,j
(6)

where Ei,j represents the energy of the signal collected at the ith time in the jth frequency
band. E1,j is the energy of the first acquisition signal in the jth frequency band, which
corresponds to the time of the member being in a healthy state. Further, an energy ratio
index (ERI) can be defined as:

ERI =

j=n+1
∑

j=1
Ei,j

j=n+1
∑

j=1
E1,j

(7)

In this study, 3-level wavelet decomposition is applied to all the signals collected. The
high-frequency component was the noise, which is removed in calculating the ERI.

The variation in ERI with load is presented in Figure 29. Among them, SA1-SA3 refers
to the stress wave generated by SA1 and received by SA3. It can be seen that the ERI values
barely vary before the onset of cracking of the columns, but they then drop significantly
afterward. The change in ERI values relates to the damage zones, that is, the generation and
propagation of cracks, as shown in Figures 19–21. Take the test specimen G1 as an example:
(i) The first crack is observed at the bottom of the column with the load at about 24 kN, as
shown in Figure 19a. Correspondingly, the ERI values for SA1-SA3 and SA1-SA2 begin
to drop at about 21 kN, see Figure 29a, with the appearance and development of the first
crack. Meanwhile, the first crack at the bottom of the column has scarcely an effect on the
ERI values for SA2-SA3. (ii) As the load increases to 51 kN, the second crack is observed in
the upper part of the column; see Figure 19c. Correspondingly, the ERI values for SA2-SA3
decrease significantly from 40 kN for SA2-SA3 in Figure 29a. (iii) Further increase in the
load leads to the rapid development of the first and second cracks and even the appearance
of a third crack. The ERI values decline to very small, since the propagation of stress waves
is mostly impeded by the long and wide cracks. Note that for the test specimen S1, the ERI
values for SA1-SA2 and SA2-SA3 are almost zero after the second crack forms. This is owing
to the fact that the second crack formed just at the position of SA2. The above analysis
illustrates that the loads corresponding to the first crack in the upper and lower parts of a
column can be identified using the ERI values for SA1-SA2 and SA2-SA3, respectively. The
identification results of crack formation are consistent with those observed by the naked
eye (see Table 3) and monitored with the DIC (see Figures 19–21), though both generally
lag in ERI identification. This is because the micro-cracks may not be visible to the naked
eye and the sides of a column are blind spots for DIC measurement (see Figure 9).
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Figure 29. ERI values of three test specimens. (a) Test specimen G1, (b) Test specimen G3, (c) Test
specimen S1.

4.4. Damage Assessment

In recent years, piezoceramic transducers have been widely used to monitor concrete
structures. This has led many scholars to propose damage indices to characterize the
damage level of concrete members [43,44]. Among them, the root-mean-square deviation
(RMSD) based on wavelet energy is a classic damage index [45]. Its calculation is rather
complicated, so this study defines a damage index based on the ERI values to evaluate the
damage level of concrete structures, as follows:

DISA = 1− ERI (8)

In this section, only the signals for SA1-SA3 are used to obtain the damage indices to
quantify overall damage of the column.

In general, the damage level of a reinforced concrete column can be reflected by
the stiffness variation of the load-displacement curve. A damage index based on the
load-displacement curve can be defined as shown below:

DIP−δ = 1− P/δ

Pcr/δcr
(9)

where P and Pcr are the applied load and the cracking load, respectively; δ and δcr are
the displacements corresponding to the applied and cracking loads. In this study, the
damage indices can be calculated using the load-displacement curves at the top of a column
monitored with the LVDT and DIC instruments.

The damage indices determined according to Equations (8) and (9) are compared in
Figure 30. The damage indices determined from the SA agree well with those obtained
from load-displacement curves monitored with the LVDT and DIC. This indicates that
damage indices obtained from SA can be used to evaluate the damage level of the columns.
Before the column cracks, the damage indices are almost 0, indicating that the member
is in a healthy state. After the first crack forms, the damage indices increase roughly
linearly for test specimen G3 (column reinforced without stirrups), but the damage indices
increase sharply and then slowly for test specimens G1 (column reinforced with GFRP
spiral stirrups) and S3 (column reinforced with round steel stirrups).
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Figure 30. Damage levels of the test specimens. (a) Test specimen G1, (b) Test specimen G3, (c) Test
specimen S1.

5. Conclusions

In this study, the thrust test was carried out on five circular concrete short columns
reinforced with glass fiber-reinforced polymer (GFRP) bars and spiral stirrups under
constant compression load to investigate their shear behaviors. The effects of three test
parameters (the stirrup reinforcement ratio, the longitudinal reinforcement ratio and the
type of stirrups) on load-displacement curves, strains, cracks and failure modes were
discussed. Several design equations for predicting the shear capacity of circular concrete
short columns reinforced with GFRP bars and spiral stirrups were compared and evaluated.
In addition, several smart aggregate (SA) transducers were used to assess the damage levels
of circular concrete short columns. Based on the above studies, the following conclusions
can be drawn:

1. GFRP spiral stirrups and longitudinal reinforcement can inhibit the formation of
the main diagonal crack, increase the shear capacity and improve the ductility of a
concrete short column. The load-displacement curve of a short column reinforced
by GFRP spiral stirrups is similar to that of one reinforced by round steel stirrups,
indicating that it is feasible to use GFRP bars and GFRP spiral stirrups in column
constructions.

2. GFRP spiral stirrups increase the shear capacity of a circular concrete short column
by 5.6% and 31.1% at a stirrup reinforcement ratio of 0.19% and 0.47%, respectively.
The shear capacity of a concrete short column with GFRP spiral stirrups is improved
by 18.95% by increasing the longitudinal reinforcement ratio from 1.5% to 2.25%.
Notably, the lateral ultimate displacement is increased by 67.7% and 400% at a stirrup
reinforcement ratio of 0.19% and 0.47% in a circular concrete short column.

3. The effective stress of the GFRP spiral stirrups at failure, which is from 20.1% to 26.0%
of the ultimate tensile strength of a GFRP straight bar, is decreased with the increase
in the stirrup reinforcement ratio and is improved by increasing the longitudinal
reinforcement ratio.
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4. For circular concrete short columns with GFRP bars and spiral stirrups, the shear
capacity can be accurately predicted by using the equation proposed by Ali et al., with
a strain limit of 0.004E f v. The CSA code provides relatively accurate shear capacity
predictions and the ACI, JSCE and BISE codes provide relatively conservative shear
capacity predictions.

5. The energy ratio index (ERI) established by wavelet decomposition can help to identify
the location of cracks in a column and the loads corresponding to the formation of
cracks. Damage indices determined using smart aggregate are consistent with those
obtained from load-displacement curves, indicating that with the proposed damage
index based on the smart aggregate it is feasible to evaluate the damage level of the
concrete short columns.
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Abbreviations

GFRP Glass fiber reinforced polymer
DIC digital image correlation
SA smart aggregate
LVDT linear variable differential transformer
ERI energy ratio index
RMSD root-mean-square deviation
Vf shear strength provided by the stirrups
Vc the shear strength provided by the concrete
Vexp shear strength of the test specimen at failure
θ the angle of inclination of main the diagonal crack
A f v the cross-sectional area of the spiral stirrup
s pitch of spiral stirrups
d the effective depth of spiral stirrups
D diameter of the circular cross-section
Dr diameter of the circle passing through the centers of the longitudinal reinforcement
f f v effective stress of spiral stirrups
f f u ultimate tensile strength
E f v elasticity modulus of GFRP stirrup
Vpred predicted shear capacities
Vexp tested shear capacities
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dv the effective height of concrete members
Xj signals in different frequency bands
Ej energy of those signals in different frequency bands
EIR energy in different frequency bands obtained by the n-level wavelet decomposition
Ej energy ratio index in the different frequency bands
EIR energy ratio index
Di damage index based on the load-displacement curve
P applied load
Pcr cracking load
δ displacements corresponding to the applied loads
δcr displacements corresponding to the cracking loads
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15. Arslan, M.H.; Yazman, Ş.; Hamad, A.A.; Aksoylu, C.; Özkılıç, Y.O.; Gemi, L. Shear strengthening of reinforced concrete T-beams

with anchored and non-anchored CFRP fabrics. Structures 2022, 39, 527–542. [CrossRef]
16. Aksoylu, C.; Yazman, Ş.; Özkılıç, Y.O.; Gemi, L.; Arslan, M.H. Experimental analysis of reinforced concrete shear deficient beams

with circular web openings strengthened by CFRP composite. Compos. Struct. 2020, 249, 112561. [CrossRef]
17. Al-Hamrani, A.; Alnahhal, W. Shear behavior of basalt FRC beams reinforced with basalt bars and glass stirrups: Experimental

and analytical investigations. Eng. Struct. 2021, 242, 112612. [CrossRef]
18. Razaqpur, A.G.; Spadea, S. Shear strength of FRP reinforced concrete members with stirrups. J. Compos. Constr. 2015, 19, 04014025.

[CrossRef]
19. Ali, A.H.; Mohamed, H.M.; Benmokrane, B. Shear behavior of circular concrete members reinforced with GFRP bars and spirals

at shear span-to-depth ratios between 1.5 and 3.0. J. Compos. Constr. 2016, 20, 04016055. [CrossRef]
20. Mohamed, H.M.; Ali, A.H.; Benmokrane, B. Mechanism of distributed composite GFRP bars in circular concrete members with

and without spirals under shear. Compos. Part B Eng. 2018, 162, 62–72. [CrossRef]
21. American Concrete Institute (ACI). Committee 440 Guide for the Design and Construction of Concrete Reinforced with FRP Bars; ACI

440.1R-15; American Concrete Institute (ACI) Committee 440: Farmington Hills, MI, USA, 2015.
22. Canadian Standards Association (CSA). Design and Construction of Building Components with Fiber Reinforced Polymers;

CAN/CSAS806-12; Canadian Standards Association (CSA): Rexdale, ON, Canada, 2012.
23. Japan Society of Civil Engineers (JSCE). Recommendation for Design and Construction of Concrete Structures Using Continuous Fiber

Reinforcing Materials; Japan Society of Civil Engineers (JSCE): Tokyo, Japan, 1997.

http://doi.org/10.1016/0958-9465(95)00043-7
http://doi.org/10.4028/www.scientific.net/AMR.919-921.1760
http://doi.org/10.1016/j.conbuildmat.2021.123484
http://doi.org/10.14359/51725980
http://doi.org/10.1016/j.engstruct.2021.113615
http://doi.org/10.1016/j.conbuildmat.2011.04.028
http://doi.org/10.1016/j.compstruct.2022.115392
http://doi.org/10.1016/j.conbuildmat.2011.10.025
http://doi.org/10.1016/j.marstruc.2020.102785
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000746
http://doi.org/10.1016/j.engstruct.2018.07.060
http://doi.org/10.1016/j.conbuildmat.2019.03.076
http://doi.org/10.1016/j.compstruct.2021.114619
http://doi.org/10.1617/s11527-012-9859-5
http://doi.org/10.1016/j.istruc.2022.03.046
http://doi.org/10.1016/j.compstruct.2020.112561
http://doi.org/10.1016/j.engstruct.2021.112612
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000483
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000707
http://doi.org/10.1016/j.compositesb.2018.10.083


Polymers 2023, 15, 567 27 of 27

24. British Institution of Structural Engineers (BISE). Interim Guidance on the Design of Reinforced Concrete Structures Using Fiber
Composite Reinforcement; British Institution of Structural Engineers (BISE): London, UK, 1999.

25. Zhao, B.; Lei, D.; Fu, J.; Yang, L.; Xu, W. Experimental study on micro-damage identification in reinforced concrete beam with
wavelet packet and DIC method. Constr. Build. Mater. 2019, 210, 338–346. [CrossRef]

26. Huo, L.; Chen, D.; Kong, Q.; Li, H.; Song, G. Smart washer–a piezoceramic-based transducer to monitor looseness of bolted
connection. Smart Mater. Struct. 2017, 26, 025033. [CrossRef]

27. Chen, Y.Z.; Xue, X.W. Advances in the structural health monitoring of bridges using piezoelectric transducers. Sensors 2018, 18,
4312–4336. [CrossRef] [PubMed]

28. Ai, D.M.; Zhu, H.P.; Luo, H. Sensitivity of embedded active PZT sensor for concrete structural impact damage detection. Constr.
Build. Mater. 2016, 111, 348–357. [CrossRef]

29. Zhou, L.; Zheng, Y.; Huo, L.; Ye, Y.; Chen, D.; Ma, H.; Song, G. Monitoring of bending stiffness of BFRP reinforced concrete beams
using piezoceramic transducer enabled active sensing. Smart Mater. Struct. 2020, 29, 105012. [CrossRef]

30. Zhou, L.; Zheng, Y.; Song, G.; Chen, D.; Ye, Y. Identification of the structural damage mechanism of BFRP bars reinforced concrete
beams using smart transducers based on time reversal method. Constr. Build. Mater. 2019, 220, 615–627. [CrossRef]

31. Moslehy, Y.; Gu, H.; Belarbi, A.; Mo, Y.L.; Song, G. Smart aggregate based damage detection of circular RC columns under cyclic
combined loading. Smart Mater. Struct. 2010, 19, 065021. [CrossRef]

32. Xu, K.; Deng, Q.; Cai, L.; Ho, S.; Song, G. Damage detection of a concrete column subject to blast loads using embedded
piezoceramic transducers. Sensors 2018, 18, 1377. [CrossRef]

33. Zhou, K.; Lei, D.; He, J.; Zhang, P.; Bai, P.; Zhu, F. Real-time localization of micro-damage in concrete beams using DIC technology
and wavelet packet analysis. Cem. Concr. Compos. 2021, 123, 104198. [CrossRef]

34. Li, D.; Huang, P.; Chen, Z.; Yao, G.; Guo, X.; Zheng, X.; Yang, Y. Experimental study on fracture and fatigue crack propagation
processes in concrete based on DIC technology. Eng. Fract. Mech. 2020, 235, 107166. [CrossRef]

35. Yuan, F.; Cheng, L.; Shao, X.; Dong, Z.; Zhang, L.; Wu, G.; He, X. Full-field measurement and fracture and fatigue characterizations
of asphalt concrete based on the SCB test and stereo-DIC. Eng. Fract. Mech. 2020, 235, 107127. [CrossRef]

36. American Concrete Institute (ACI). Committee 440 Guide Test Methods for Fiber-Reinforced Polymer (FRP) Composites for Reinforcing or
Strengthening Concrete and Masonry Structures; ACI 440.3R-12; American Concrete Institute (ACI) Committee 440: Farmington
Hills, MI, USA, 2012.

37. Razaqpur, A.G.; Isgor, O.B. Proposed shear design method for FRP-reinforced concrete members without stirrups. ACI Struct. J.
2006, 103, 93–102.

38. Turmo, J.; Ramos, G.; Aparicio, A.C. Shear truss analogy for concrete members of solid and hollow circular cross section. Eng.
Struct. 2009, 31, 455–465. [CrossRef]

39. American Association of State Highway and Transportation Officials (ASHTO). AASHTO LRFD Bridge Design Guide Specifications;
American Association of State Highway and Transportation Officials (ASHTO): Washington, DC, USA, 2012.

40. Du, G.F.; Kong, Q.Z.; Hua, Z.; Gu, H.C. Multiple cracks detection in pipeline using damage index matrix based on piezoceramic
transducer-enabled stress wave propagation. Sensors 2017, 17, 1812–1822. [CrossRef] [PubMed]

41. Zhang, H.; Li, J.J.; Kang, F.; Zhang, J.N. Monitoring and evaluation of the repair quality of concrete cracks using piezoelectric
smart aggregates. Constr. Build. Mater. 2022, 317, 125775. [CrossRef]

42. Zhou, L.; Zheng, Y.; Li, H.; Song, G. Identification of bond behavior between FRP/steel bars and self-compacting concrete using
piezoceramic transducers based on wavelet energy analysis. Arch. Civ. Mech. Eng. 2020, 20, 1–16. [CrossRef]

43. Howser, R.; Moslehy, Y.; Gu, H.; Dhonde, H.; Mo, Y.L.; Ayoub, A.; Song, G. Smart-aggregate-based damage detection of
fiber-reinforced-polymer-strengthened columns under reversed cyclic loading. Smart Mater. Struct. 2011, 20, 075014. [CrossRef]

44. Taghavipour, S.; Kharkovsky, S.; Kang, W.H.; Samali, B.; Mirza, O. Detection and monitoring of flexural cracks in reinforced
concrete beams using mounted smart aggregate transducers. Smart Mater. Struct. 2017, 26, 104009. [CrossRef]

45. Song, G.; Gu, H.; Mo, Y.L. Smart aggregates: Multi-functional sensors for concrete structures–a tutorial and a review. Smart Mater.
Struct. 2008, 17, 033001. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.conbuildmat.2019.03.175
http://doi.org/10.1088/1361-665X/26/2/025033
http://doi.org/10.3390/s18124312
http://www.ncbi.nlm.nih.gov/pubmed/30544485
http://doi.org/10.1016/j.conbuildmat.2016.02.094
http://doi.org/10.1088/1361-665X/ab936d
http://doi.org/10.1016/j.conbuildmat.2019.06.056
http://doi.org/10.1088/0964-1726/19/6/065021
http://doi.org/10.3390/s18051377
http://doi.org/10.1016/j.cemconcomp.2021.104198
http://doi.org/10.1016/j.engfracmech.2020.107166
http://doi.org/10.1016/j.engfracmech.2020.107127
http://doi.org/10.1016/j.engstruct.2008.09.002
http://doi.org/10.3390/s17081812
http://www.ncbi.nlm.nih.gov/pubmed/28805666
http://doi.org/10.1016/j.conbuildmat.2021.125775
http://doi.org/10.1007/s43452-020-00041-1
http://doi.org/10.1088/0964-1726/20/7/075014
http://doi.org/10.1088/1361-665X/aa849a
http://doi.org/10.1088/0964-1726/17/3/033001

	Introduction 
	Experimental Program 
	Materials 
	Concrete Materials 
	Reinforcing Materials 

	Specimen Design and Fabrication 
	Test Setup and Procedure 

	Results and Discussion of Shear Behaviors 
	Crack Patterns and Failure Mode 
	Load-Displacement Curves 
	Strain Responses 
	Concrete Strain 
	Reinforcement Strain 

	Crack Development 
	Theoretical Analysis of Shear Capacity 
	Shear Strength Contribution of FRP Spiral Stirrups 
	Prediction and Comparison of Shear Capacity 


	Damage Assessment and Discussion Based on Piezoceramic Transducers 
	Damage Detection Principles of Concrete Short Column Enabled Active Sensing 
	Time-Domain and Frequency-Domain Analysis 
	Energy Ratio Index (ERI) Analysis Based on Wavelet Decomposition Method 
	Damage Assessment 

	Conclusions 
	References

