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Abstract: One of the reasons that cause the collapse of buildings is deficient short columns, which
need to be retrofitted to prevent the collapse of the building in a potential earthquake. External
reinforced concrete (RC), steel plates, and fiber-reinforced polymer (FRP) jacketing are standard
retrofitting methods to retrofit columns to increase their shear capacity. However, in compression
shear failure, the effectiveness of steel and FRP jacketing is quite limited due to the premature
buckling of the FRP and steel material. On the other hand, RC jacketing is not practical because it
requires more labor and covers more architectural places. Thus, the main motivation of this study is to
present the effectiveness of a new method to retrofit short columns, including those with dominated
shear compression failure. For this purpose, HSPRCC (high-performance steel plate-reinforced
cementitious composite) was adapted to retrofit such short columns. This method is a combination of
high-performance concrete and perforated steel plates. Short-column specimens representing existing
RC buildings were retrofitted using the HSPRCC and tested. Perforated steel plates anchored to the
specimen by steel bolts and repair mortar are used as a matrix. The retrofitted specimens were found
to exhibit much better performance both in terms of shear strength and deformation capacity. It was
also observed that the retrofitting method is effective in contributing to increasing the compression
shear capacity.

Keywords: cement; concrete panel; confinement; ductility; shear; short columns; steel plate-reinforced
cementitious composite; HSPRCC; retrofitting

1. Introduction

Most of the reinforced concrete columns of existing structures, particularly those older
than 20-years-old, do not meet the various requirements regarding material quality and
design details. This easily and directly causes a lack of adequate shear strength, particularly
in the case of short columns. These kinds of columns are the most vulnerable in the case of
an earthquake and suffer from heavy damage. Figure 1 presents heavy shear damage due
to the short column effect during an earthquake that took place near Halabja City. Many
structures with short columns are under high risk and need to be retrofitted [1]. The shear
capacity of those columns can be increased by external confinement. The most common
application of external confinement is fiber-reinforced polymer (FRP) application. Limited
studies are available regarding shear strengthening of the columns [1–12]. Yoshimura [1],
in their tests, observed that FRP can increase the shear capacity of the deficient columns.
The test results of Ye [4] on FRP-jacketed reinforced concrete (RC) found that FRP jacketing
is not effective in some specimens, and they observed crushing of the concrete for those
specimens. This is mainly associated with the combined action of shear force and principal
compression stresses. Furuta [5] proposed a method based on the arch–truss method
utilizing fiber stresses through reverse calculation. Ghobarah and Galal [6], Galal [7] and
Colomb [8] tested many RC columns retrofitted with FRP jacketing and they observed a
shifting of the brittle shear failure mode to a more ductile failure mode. Troung [9] tested
different techniques, including FRP jacketing, to retrofit shear-deficient columns and they
concluded that the stiffness of shear-critical columns decreases continuously until a peak
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load is reached. Based on tests carried out on circular columns with a very low axial
load as low as beams, Haji [10] concluded that continuous wrapping performs better than
strip wrapping in terms of strength, ductility, and pinching. Hosseini [11] found that the
presence of FRP anchors provides extra ductility. Kalogeropoulos [12] and Kalogeropoulos
and Tsonos [13] used steel fibers and thin RC jackets, in addition to FRP, for jacketing of the
column. Different researchers have used different test methods for the shear test [14–16].
Rahal and Hassan [14] used push-off specimens to test the shear strength of normal and
recycled aggregate concrete. Li [15] used the direct shear method. The test technique used
in this work is the same technique recently used by [16]. Bedirhanoglu [17,18] investigated
the performance of the FRP jacketing on increasing the shear capacity of the short columns
with extremely low-strength concrete. They observed that the capacity of some retrofitted
specimens was limited by the maximum shear force limit of the section, and the increase
in the shear strength capacity for the higher layers of the FRP is marginal. It can be seen
from FRP-jacketed short column tests carried out by Bedirhanoglu [17,18], particularly in
the case of low-strength concrete, that the maximum shear capacity of the section which
corresponds to the diagonal compression strength is almost equal to the shear capacity of
the section corresponding to principal tensile strength. In this case, shear strengthening
by jacketing with FRP may not provide enough shear strength capacity to the section to
reach the flexural capacity due to the low maximum shear capacity of the section. The
main reason for this is that FRP jacketing is not effective in carrying the compression
stresses, and the effect of FRP confining on the increase in maximum shear capacity of the
section is marginal. The limited increase in shear strength is mainly due to the increase in
compression strength thanks to the confining effect of FRP jacketing.
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Figure 1. Heavy shear damage to a short column of a building in Darbandikhan.

This literature review shows that previous research has focused on the increasing shear
capacity of the columns with FRP wrapping, which is not effective against compressive
stresses. On the other hand, to our knowledge, there is no research on the shear strength-
ening of short columns that can also contribute to the maximum shear capacity through
contributing principal compression strength. Particularly for columns with extremely
low-strength concrete, the jacketing material, unlike the FRP material, must resist the



Buildings 2022, 12, 2266 3 of 20

principal compression stresses, in addition to the principle tensile stresses. Such a method
was developed and introduced by Bedirhanoglu [19]; however, it has not been tested on
RC short-column specimens. In this technique, precast plates, which are a combination
of perforated steel plates and high-performance cementitious mortar, were used. Thus,
the current study aimed to use this technique, which is expected to better contribute to
the principal diagonal compression strength, in addition to the diagonal tensile strength,
compared to FRP. During the application of the method, some modifications were also
made to reduce the time of the total retrofitting process. The main research purpose of this
study is to investigate the contribution of this technique to the shear strength capacity of
short columns. The primary results indicate the success of the method in increasing the
maximum shear force capacity of the section.

2. Details of the Retrofitting Method—Cast-in-Place HSPRCC

The method used in this study is a modified version of the Prefabricated HSPRCC
panels method, which was developed by Bedirhanoglu [19], inspired by the method in-
troduced by Bedirhanoglu et al., 2008 [20,21]. The Prefabricated HSPRCC panel method
combines the advantages of steel and cementitious materials, and basically involved per-
forated steel plates covered by a high-strength cementitious matrix, as shown in Figure 2.
High-strength cementitious mortar provides high compression strength. On the other hand,
steel plates provide high tensile strength, and perforation provides high bonding between
the steel plate and the matrix. High-strength cementitious mortar also provides resistance
to the thin steel plate against buckling due to excessive compression stresses. The method
introduced by Bedirhanoglu [19] has been modified and targeted to ease the application
process for some particular cases. One of the modifications is using ready repair mortar
instead of cementitious concrete, which requires a significant production process. The
second modification is producing the HSPRCC by pouring the mortar into the mold on site.
The steps of the production process of the cast-in-place HSPRCC panels are summarized
in Figure 3. Steel plates were punctured with a puncture orientation provided in Figure 4,
where small holes are for anchorages.
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dimensions are in mm).

As a first step of the HSPRCC retrofitting application, perforated steel plates are
anchored to all four edges of the column alongside the height of the shear span. Washers
are installed both at the top and bottom of the steel plate to keep the plate in the middle
of mortar matrix, as can be seen in Figure 3. A simple formwork is installed to maintain
a proper thickness of the mortar, and repair mortar is poured. Please note that, in this
retrofitting technique, unlike most of the new techniques, any surface preparation is not
needed, which results in saving time in the retrofitting application, which is very important
in practical construction.

3. Experimental Program
3.1. Test Specimens

The experimental study included testing four shear-deficient RC short columns of
extremely low-strength concrete. The specimens consisted of two identical short columns
with a beam stub. One half of the specimen was identified as the right column, where the
other half of the specimen was identified as the left column. Specimens were 3 m in height
in total, with a cross-section of 150 × 150 mm. Two of the specimens (DS-O and CCRS-O)
were used as a reference and tested without any retrofitting to understand the original
behavior of the shear-deficient short columns. Two specimens (DS-R and CCRS-R) were
tested after jacketing with the cast-in-place HSPRCC application. Variable and constant
parameters of specimens are given in Table 1. Those parameters were selected to ensure
compression shear failure for the reference specimens, to represent those kinds of short
columns in existing buildings. Eventually, the tests show that both original specimens
failed without reaching their flexural capacities as planned.

Table 1. Specimen parameters.

Name Type Stirrups Axial Load Ratio
Shear Effective

Depth Span Ratio( a
d
) ρ

(%)
ρsh
(%)

DS-O Reference One 0.3 2.61 2.7 0.098
DS-R Retrofitted One 0.3 2.61 2.7 0.098

CCRS-O Reference Two 0.3 2.61 2.7 0.197
CCRS-R Retrofitted Two 0.3 2.61 2.7 0.197

Reinforcement details of all specimens are identical to those provided in Figure 5,
except distance between stirrups at the test region. Different amounts of transverse rein-
forcement were used to investigate both diagonal tension and shear compression failure.
One of the original specimens has a higher amount of stirrup (φ8/75) to eliminate tension
shear failure, while the other one had a small amount of stirrup (φ8/150) to ensure tension
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shear failure. Longitudinal (ρ) and lateral reinforcement ratios (ρsh) given in Table 1 are
calculated by the following equations.

ρ =
As + A′

b ∗ h
(1)

ρsh =
π ∗ ∅2

e
4 ∗ 2(bc + hc)

b ∗ h ∗ s
(2)

where As is the area of the tension reinforcement, A′ is the area of the compression rein-
forcement, b is the width of the section, h is the height of the section, bc the width of the
stirrup, hc the height of the stirrup, s the stirrup spacing and φe the diameter of the stirrup.
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Figure 5. Reinforcement details of specimens.

All the specimens were constructed using low-strength concrete (f′c ≈ 10 MPa) to
represent the RC members of older buildings [22]. It is important to note that the concrete
strength of old buildings, particularly in developing countries, is estimated to be approxi-
mately 10 MPa [22–26]. The simple mechanic rules and rules for design of RC structures
in TS500 [27], which is mainly parallel to the ACI-318 [28], were applied in the specimen
design, without using material safety factors.

After constructing all the specimens, two of them were retrofitted with HSPRCC by
following the procedure explained in the previous section. Without a need for surface
preparation, perforated steel plates were attached to the surface of the column through
anchored steel roads, and repair mortar was poured. The details of the specimens are given
in Table 1. The specimen notations were chosen to present parameters of the specimens,
which are as follows: O = Original specimen; DS = Deficient stirrup with one stirrup;
CCRS = Compile code requirements specimen with two stirrups; R = Retrofit application.
The numbers in the notation of the reference specimens (O) represent the specimen’s
number (1 or 2).

3.2. Material Test
3.2.1. Concrete

The concrete of the specimens was designed to represent the concrete quality in
existing buildings, particularly those dating back to the 1990s. Therefore, the target con-
crete compression strength is 10 MPa. Work has done by Bedirhanoglu [29] was used
as a reference in the mix design of low-strength concrete. Figure 6 presents the particle
size distribution for the mixture aggregate, together with the reference curves given by
TS 706 [30], and Table 2 presents the mix proportion of the concrete used in the production
of the specimens.

Concrete cube (150 × 150 m) and standard cylinder (150 × 300 m) samples were cast
together with the short-column specimen, and the same curing conditions were applied to
both short-column specimens and the concrete samples. After three days of the wet gravel
application, the formwork was removed, and the wet gravel application lasted after the
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seventh day of pouring the concrete. After seven days of wet gravel application, all the
specimens were stored at the laboratory until the date of the tests.
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Figure 6. Sieve distribution of the mixture aggregate (A16, B16 and C16 are reference curves given by
TS 706 [29]).

Table 2. Mix proportion of concrete.

Constituents Cement Water 7–15 mm Coarse
Aggregate Natural Sand Crushed Sand

Quantity (kg/m3) 246 222 451 619 721

Compression Tests

The concrete samples were tested after 41 days from casting by using the test and
measuring setup given in Figure 7a. A close-up view of the measuring setup is given in
Figure 7b. As seen, deformation was measured from the 25 mm capacity potentiometric
meters that were placed both on the middle region and outside of the specimen. Displace-
ment data were collected through a datalogger, and load data were recorded manually.
Stress–strain relationships are provided in Figure 8, and cylinder and cube compressive
strengths are presented in Table 3.
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Table 3. Standard cylinder and cube test results.

Standard Cylinder Test Results Standard Cube Test Results

No Specimens
Compression

Stress
(MPa)

Average
Compression

Stress, f′c,
(MPa)

Specimens
Compression

Stress
(MPa)

Average
Compression

Stress, f′cc
(MPa)

1 DS-O 11.89
11.11

DS-O 13.47
12.502 DS-O 10.28 DS-O 11.55

3 DS-O 11.16 DS-O 12.49

Standard
deviation (MPa) 0.66 0.78

1 CCRS-O 12.61
12.48

CCRS-O 14.08
13.742 CCRS-O 11.94 CCRS-O 13.09

3 CCRS-O 12.89 CCRS-O 14.04

Standard
deviation (MPa) 0.40 0.46

Tension Tests

For tension tests, cylinders with a 150 mm diameter and 60 mm thickness were used.
Overall, there were five specimens for the concrete of DS-O/DS-R and four specimens for
the concrete of CCRS-O/CCRS-R. The tension test is provided in Figure 7c, and the tension
strength was calculated by using Equation (3). The results are given in Table 4.

fcts =
2P

µhsds
(3)

where fcts represents the splitting tensile strength of the concrete, where P, hs and ds stand
for the maximum load measured during the test, height, and diameter of the specimen.
The results are summarized in Table 4.
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Table 4. Splitting tensile test results.

Standard
Disk No Height (mm)

Tensile
Strength, fct

(MPa)

Average Tensile
Strength,

f′c,o (MPa)

DS-O 1 60.0 1.07

1.40

DS-O 2 59.9 1.25
DS-O 3 60.1 1.63
DS-O 4 54.0 1.49
DS-O 5 57.9 1.58

Standard deviation (MPa) 0.21

CCRS-O 1 57.6 1.62

1.69
CCRS-O 2 60.1 1.70
CCRS-O 3 61.0 1.71
CCRS-O 4 56.5 1.71

Standard deviation (MPa) 0.04

3.2.2. Steel Reinforcement

In the testing zone, φ14 and φ8 deformed rebars were used for longitudinal and
lateral reinforcement, respectively. A total of three coupon tests were carried out both for
longitudinal and lateral reinforcement. The results presenting the mechanical characteristics
of the bars are provided in Table 5. It is seen that the average yield stresses are 472.3 MPa
and 517.7 MPa for longitudinal and lateral reinforcement, respectively.

Table 5. Coupon tests for longitudinal and lateral reinforcement.

Longitudinal Reinforcement

No Diameter (mm) Yield (MPa) Strength (MPa)

1 14 462 579
2 14 480 591
3 14 475 590

Average (MPa) 472.3 586.7
Standard deviation (MPa) 7.6 5.4

Lateral Reinforcement

No Diameter (mm) Yield (MPa) Strength (MPa)

1 8 516 618
2 8 527 637
3 8 510 606

Average (MPa) 517.7 620.3
Standard deviation (MPa) 7.0 12.8

3.2.3. Steel Plate

The perforated steel plate used in retrofitting both DS-R and CCRS-R specimens has a
1 mm thickness. The shear spans of both specimens were retrofitted with HSPRCC, which
is composed of a steel plate and repair mortar. Material characteristics of steel plates were
obtained from tension tests and are provided in Table 6. Specimens for tension tests were
prepared according to TS138 EN 10002-1 [31], as can be seen in Figure 7d. The average
yielding stress is 173 MPa, while the maximum stress is around 239.9 MPa.
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Table 6. Tension test results of steel plate.

No Yield (MPa) Strength (MPa) Maximum Load (N) Yield Load (N)

1 175.3 240.2 12,073 8809
2 173.3 240.9 12,107 8733
3 171.2 238.5 11,988 8605

Average (MPa) 173.3 239.9
Standard deviation

(MPa) 1.7 1.0 50.0 84.2

3.2.4. Anchorage Rods

For the anchorage of the plates, 8 mm steel rods were used. Coupon tests were carried
out to obtain the mechanical properties of the rods. The results of the tension tests are given
in Table 7.

Table 7. Tension test results of rods.

No Diameter Yield (MPa) Strength (MPa) Strength/Yield

1 6.8 544 587 1.07
2 6.8 557 617 1.11
3 6.8 519 599 1.15

Average (MPa) 540 601
Standard deviation (MPa) 15.8 12.3

3.2.5. Repair Mortar

In this work, DS-R and CCRS-R specimens were retrofitted before being tested. In
the scope of the experimental study, the test zone of DS-R and CCRSO-R was retrofitted
with HPSRCC. In this retrofitting, high-strength repair mortar was used, and the me-
chanical properties of the mortar are provided in Table 8. A total of four 100 mm cube
specimens were also prepared and tested at 7 days under compression stresses. The average
compression strength was found to be 30.8 MPa according to the test results.

Table 8. Mechanical properties of the repair mortar given by the manufacturer.

Compression strength (TS EN 12190)
1 day >25 N/mm2

7 days >50 N/mm2

28 days >70 N/mm2

Flexural strength (28 days) (TS EN 196) >8.0 N/mm2

Bonding (Tension) Strength) (TS EN 1542)
(Concrete) (28 days) >2 N/mm2

Elastic Modulus (28 days) >20 N/mm2

Application thickness Min. 10 mm Max. 50 mm

4. Test Setup

A representative short column from a frame is rotated 90 degrees to make the test
easier, as given in Figure 9a. It should be noted that shear forces dominate the behavior of
such short columns, where the moments due to self-weight can be negligibly small. The
specimen in the test setup is provided in Figure 9b. The shear span-to-effective depth ratio
(300/115, concrete cover is 35 mm) for all the specimens was 2.6. Details of the test setup are
explained by illustrating a 2D plan view of the test setup, as shown in Figure 10. Monotonic
lateral loads were applied vertically to the representative central stub by a 200 kN capacity
manually controlled hydraulic jack. A constant axial load was maintained by a 1000 kN
capacity manually controlled hydraulic jack. The specimens were fixed with roller supports
300 mm from the stub face, and the parts between the support and beam stub constituted
the testing zone (Figure 9c).
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The applied axial load value is 74 kN, which corresponds to 0.30f′cjbh, where f′cj is
the concrete compression strength, and b and h are the width and height of the column,
respectively. In order to keep the axial load at the same value throughout the experiment,
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the necessary interventions were made manually by constantly monitoring the load de-
crease or increase with reference to 74 kN during the test. Firstly, after the axial loading is
complete, the horizontal loading of the sample is started, and a very short break is taken for
each 2 kN loading increase; all measurements were acquired by a data logger and damage
photos were taken between each load increase.

The instrumentation system was composed of linear variable differential transformers
(LVDTs), internal and external load cells, and electrical resistance strain gauges (foil-type)
bonded to the internal steel (Figure 10). A pair of 100 mm capacity displacement transducers
was used to measure the rotation of the central stub. Four transducers were placed at
45 degrees to measure the diagonal strains and four transducers were placed at each side
of the column in the loading direction to measure the curvature of the column section.
Reference points were also placed to measure the shear deformations. Some transducers
were used to monitor the reliability and safety of the experiments. The lateral and axial
loads were measured by using a 200 kN internal load cell and an external 10,000 kN load
cell (Figure 9c).

5. Experimental Results
5.1. Overall Behavior

For all specimens after the gradual application of a 74 kN constant axial load, the
lateral load was imposed with a 2 kN load increase, monotonically. From the observation,
it is clear that either shear or shear-flexure failure dominated the total behavior of all
specimens. At a 38 kN lateral load, the first crack was observed to be inclined, as seen in
Figure 11, which shows the dominant shear effects in the reference specimen DS-O. For
reference specimen CCRS-O, the first crack was flexural, and the inclined shear crack was
formed at a 40 kN lateral load. As seen in Figure 11, the angle of the inclined shear cracks
is a little bit smaller than 45 degrees in both reference specimens, which mainly shows the
effect of axial force. A flexural crack was also observed in both specimens at some local
points in the further loading steps; however, the width and length of the flexural cracks
remain unchanged, which is clear evidence of dominant shear-controlled behavior. Both
reference specimens failed due to shear damage and maximum lateral loads, measured as
58.3 kN and 71 kN for DS-O and CCRS-O specimens, respectively. The higher lateral force
in specimen CCRS-O is mainly due to the higher amount of stirrup. As seen in Figure 12,
besides wide inclined cracks, crushed concrete at this region was also observed. Shear
force–deflection diagrams for the reference specimens are given in Figure 13, and sudden
failures are evidence of brittle shear failure. As can be seen in these graphs, considerably
more data are available due to decreasing the time interval of the data acquisition system
to 125 milliseconds, mainly in order to catch the backbone curve as soon as the lateral load
capacity of the specimens is reached. Since the failure is brittle instead of taking photos a
video recording was preferred to follow the damage of the specimens.

Buildings 2022, 12, x FOR PEER REVIEW 11 of 20 
 

decrease or increase with reference to 74 kN during the test. Firstly, after the axial loading 

is complete, the horizontal loading of the sample is started, and a very short break is taken 

for each 2 kN loading increase; all measurements were acquired by a data logger and 

damage photos were taken between each load increase. 

The instrumentation system was composed of linear variable differential transform-

ers (LVDTs), internal and external load cells, and electrical resistance strain gauges (foil-

type) bonded to the internal steel (Figure 10). A pair of 100 mm capacity displacement 

transducers was used to measure the rotation of the central stub. Four transducers were 

placed at 45 degrees to measure the diagonal strains and four transducers were placed at 

each side of the column in the loading direction to measure the curvature of the column 

section. Reference points were also placed to measure the shear deformations. Some trans-

ducers were used to monitor the reliability and safety of the experiments. The lateral and 

axial loads were measured by using a 200 kN internal load cell and an external 10,000 kN 

load cell (Figure 9c). 

5. Experimental Results 

5.1. Overall Behavior 

For all specimens after the gradual application of a 74 kN constant axial load, the 

lateral load was imposed with a 2 kN load increase, monotonically. From the observation, 

it is clear that either shear or shear-flexure failure dominated the total behavior of all spec-

imens. At a 38 kN lateral load, the first crack was observed to be inclined, as seen in Figure 

11, which shows the dominant shear effects in the reference specimen DS-O. For reference 

specimen CCRS-O, the first crack was flexural, and the inclined shear crack was formed 

at a 40 kN lateral load. As seen in Figure 11, the angle of the inclined shear cracks is a little 

bit smaller than 45 degrees in both reference specimens, which mainly shows the effect of 

axial force. A flexural crack was also observed in both specimens at some local points in 

the further loading steps; however, the width and length of the flexural cracks remain 

unchanged, which is clear evidence of dominant shear-controlled behavior. Both reference 

specimens failed due to shear damage and maximum lateral loads, measured as 58.3 kN 

and 71 kN for DS-O and CCRS-O specimens, respectively. The higher lateral force in spec-

imen CCRS-O is mainly due to the higher amount of stirrup. As seen in Figure 12, besides 

wide inclined cracks, crushed concrete at this region was also observed. Shear force–de-

flection diagrams for the reference specimens are given in Figure 13, and sudden failures 

are evidence of brittle shear failure. As can be seen in these graphs, considerably more 

data are available due to decreasing the time interval of the data acquisition system to 125 

milliseconds, mainly in order to catch the backbone curve as soon as the lateral load ca-

pacity of the specimens is reached. Since the failure is brittle instead of taking photos a 

video recording was preferred to follow the damage of the specimens. 

 
(a) 

Figure 11. Cont.



Buildings 2022, 12, 2266 12 of 20Buildings 2022, 12, x FOR PEER REVIEW 12 of 20 
 

 
(b) 

Figure 11. (a) First inclined crack in test of DS-O, (b) first flexural and inclined crack in test of CCRS-

O. 

  
(a) (b) 

      
(c) 

Figure 12. Failure of specimens. (a) DS-O; (b) CCRS-O; (c) Crack patterns for specimen CCRS-O. 

  

(a) (b) 

Figure 13. Force–displacement relationships of specimens. (a) DS-O; (b) CCRS-O. 

In retrofitted specimens, the same axial and lateral loading procedures were applied, 

and at 10 kN and 19 kN lateral loads, the first flexural cracks (<0.1 mm) were observed for 

specimens DS-R and CCRS-R, respectively (Figure 14). As seen in Figure 14, the slope of 

0

5

10

15

20

25

30

35

40

0 10 20 30 40

S
h

ea
r 

fo
rc

e 
(k

N
)

Displacement (mm)

0

5

10

15

20

25

30

35

40

0 10 20 30 40

S
h

ea
r 

fo
rc

e 
(k

N
)

Displacement (mm)

Figure 11. (a) First inclined crack in test of DS-O, (b) first flexural and inclined crack in test of CCRS-O.
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Figure 12. Failure of specimens. (a) DS-O; (b) CCRS-O; (c) Crack patterns for specimen CCRS-O.
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In retrofitted specimens, the same axial and lateral loading procedures were applied,
and at 10 kN and 19 kN lateral loads, the first flexural cracks (<0.1 mm) were observed for
specimens DS-R and CCRS-R, respectively (Figure 14). As seen in Figure 14, the slope of the
inclined cracks is smaller than 45 degrees, mainly due to the axial load effect, as observed in
the reference specimens as well. Flexural cracks developed and reached 0.6 mm at a 40 kN
lateral load for specimen DS-R, and the first inclined crack was observed at 39 and 41 kN for
specimens DS-R and CCRS-R, respectively. In further loading, the number of inclined cracks
increased; however, the existing inclined cracks mainly developed and caused the failure at
40 and 45 kN lateral loads for specimens DS-R and CCRS-R, respectively. In addition to
inclined cracks, crushed concrete was also observed in both retrofitted specimens, which
was observed after the removal of the HSPRCC plate (Figure 15).
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As can be seen in Figure 15a,b, the heaviest damage is not due to inclined cracks
associated with shear stress, and shear cracks were limited with retrofitting. Instead, heavy
damage happened with the separation of lateral HSPRCCs from top and bottom HSPRCCs.
There are two main reasons that can be considered for the separation of HSPRCC from the
surfaces of the column in the loading direction. One of the reasons is the limitation of the
failure due to shear forces, which causes principal tensile stress, and, in further loadings,
an excessive increase in shear forces causes high diagonal principal compression stresses.
These diagonal compression stresses cause the crushing of the inner concrete, which results
in the extensive expansion of the concrete, and, eventually, the side HSPRCC separates
from the top and bottom ones, since there are no connections in the corner to help the
tension to prevent this separation. This is an important outcome of the experimental work.
The retrofitting method can be further improved by adding some material with high tensile
strength, which could provide a connection between perforated steel plates on four sides of
the column.
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Figure 15. Damage of the retrofitted specimens at the end of the test. (a) DS-R; (b) CCRS-R.

Shear force–displacement diagrams for the retrofitted specimens are given in Figure 16a,b.
As can been seen, brittle sudden failure was observed for both specimens. On the other hand,
the shear capacity of both retrofitted specimens increased substantially. The area under
the shear force–displacement curve also increased, which shows the increase in the energy
dissipation capacity.
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5.2. Comparision and Evaluations

The comparison of the shear force–displacement relationships for the reference and
retrofitted specimens is given in Figures 13 and 16. The difference in the shear force capacity
of the reference specimens is related to the higher number of the stirrups for specimen
CCRS-O. However, the higher number of the stirrups does not have a big effect on the
backbone curve. A similar observation and comments are valid for the retrofitted specimens.
The increases in ductility are very limited and higher in the case of specimen CCRS-R, which
has a shear capacity close to the theoretical flexural capacity of the specimen. The smaller
effectiveness of the stirrups can be due to the high level of principle compression stress
that changes the tensile shear failure to compression shear failure. Reference specimens,
neither with a low number of stirrups nor with a higher number of stirrups, could reach
the flexural strength capacity of the column, mainly due to excessive principal tensile and
principal compression stresses. In the case of the proper amount of lateral reinforcement
(φ8/75 mm), the failure is mainly associated with the dominant effect of compression shear
failure. In the case of extremely low-strength concrete, the capacity limit of tension shear
failure becomes closer to the compression shear failure limit. In the case of eliminating
tension shear failure by having some stirrups or wrapping the specimen against shear
forces compression, shear failure may still happen, as it cannot be prevented by composite
wrapping or the addition of more stirrups. In this study, the shear capacity is increased for
the case of shear compression failure; however, this should be further investigated through
more experimental work.

6. Theoretical Shear Capacity of the Specimens

The theoretical capacity of the specimens was calculated by using simple mechanics
and rules defined in the Requirements for Design and Construction of Reinforced Concrete
Structures (TS 500 [26]), which are mostly parallel to the ACI-318 (ACI 2019 [27]). The shear
force contribution of the concrete, which mainly corresponds to the formation of inclined
shear cracks, was calculated with Equation (4), and the maximum shear force (Vmax) that
can be carried by a section which basically corresponds to the crushing of the concrete in
the diagonal direction was calculated by Equation (5). The contribution of the stirrups (Vw)
was calculated by Equation (6), which is based on simple mechanic rules.

Vcr = 0.65 fctbd
(

1 + 0.007
N
bh

)
(4)

Vmax = 0.22 f ′cbd (5)

Vw =
Asw

s
fywd (6)

where N is the axial load, f ′c and fct are the compression and tension strengths of the
concrete, fyw is the yield stress of the stirrup, s is the distance between stirrups, and Asw is
the total area of the stirrups.

The same method used to calculate the contribution of the stirrups was applied
to calculate the contribution of the perforated steel plate in tension (Vps), as given in
Equation (7), where the contribution of the perforated steel plate in compression is neglected
considering the thickness and compression strength of the mortar. The contribution of the
mortar in tension (Vpmt) and in compression (Vpmc) was calculated by Equations (8) and (9),
respectively.

Vps = tsd
√

2fyspHr (7)

Vpmt = 0.35
√

fcmtmd
√

2 (8)

Vpmc =
√

2fcmtmd (9)

where ts and fysp are the thicknesses and yield stress of the perforated steel, respectively.
tm and fcm are the thicknesses and compression strength of the mortar, respectively. In



Buildings 2022, 12, 2266 16 of 20

Equation (7), Hr is the hole ratio of the perforated steel and is calculated as the total area of
holes to the area of the steel plate. The theoretical capacities, together with the experimental
shear force capacities, are summarized in Table 9. This table provides information about
possible different failure modes. There are some differences between the experiments
and code values, which are mainly associated with compatibility problems between the
HSPRCC and existing concrete. If this can be improved, e.g., with anchorage, the closer
results will be achieved. This shows that the shear capacity only can be increased in a
limited percentage of the original capacity. The increase in the shear capacity of the DS-O
and CCRS-O specimens are 38% and 28%, respectively. On the other hand, the experimental
capacity of the retrofitting specimens is close to the theoretical maximum shear capacity of
the original specimen.

Table 9. Theoretical capacities of the specimens.

Theoretical Shear Force (kN) Experimental

Name f′c Stirrup FM1 * Steel
Plate

Mortar
Tension

FM3
**

Mortar
Compression

FM4
***

FM2
****

Vexp
***** texp = Vexp/(b × d) k

DS-O 13.5 32.4 45.9 - - - - - 44.8 29.0 1.68 0.51
CCRS-O 13.5 64.7 78.2 - - - - - 44.8 35.5 2.06 0.58

DS-R 13.5 32.4 45.9 7.04 9.5 62.4 150.2 196 44.8 40.0 2.32 0.70
CCRS-R 13.5 64.7 78.2 7.04 9.5 94.7 150.2 228 44.8 45.5 2.60 0.74

FM: Failure mode, * Shear force Concrete + Stirrup, ** Retrofitted total—Tension, *** Retrofitted total—
Compression, **** Vmax: Maximum shear force limit of an RC section can be carried by concrete and lateral
reinforcement, ***** Vexp: Experimental shear force capacity of the specimen, k = τexp/

√
f ′c .

The shear force–displacement (drift ratio) relationships of all specimens are given in
Figure 17, comparatively. Some important force levels such as the shear contribution of
the concrete, Vmax, and shear force correspond to the theoretical flexural capacity of the
specimens have also been added to this figure. As can be seen, none of the specimens
could reach the full flexural capacity of the column, mainly due to the excessive shear
tension and shear compression stresses. The behavior of both reference specimens was
improved substantially with retrofitting. Slightly more ductile behavior achieved for
retrofitted specimens.

One of the outcomes that should be highlighted is that the drift ratios corresponding
to the capacity of the specimens varied between 2% and 3%, as can been seen in Figure 17,
and it is important to note that similar drift ratios were also observed by Bedirhanoglu [18].
It is concluded that this high drift ratio is mainly based on early stiffness loss due to
the formation and fast development of shear cracks. As shown by Bedirhanoglu [18],
k coefficient for shear strength capacity of the original specimens were varied between
0.55–0.63, where these values are 0.51–0.58 in this study, which shows the consistency of
the test results. These coefficients can be up to 1 for retrofitted specimens according to the
test results of Bedirhanoglu [18].
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7. Conclusions

To investigate the behavior of short columns constructed with extremely low-strength
concrete, four nearly full-scaled short columns were tested before and after HSPRCC
retrofitting under constant axial and monotonically increasing lateral load. The main
parameters of the specimens, which also present the limitation of the study, were as
follows: column section b/h = 150/150, shear-span-to-depth ratio L/d = 2.6, axial load
ratio = 0.3, longitudinal reinforcement ratio = 0.027, volumetric transverse reinforcement
ratios = 0.098 and 0.197. Within the limits of the considered parameters, the following
outcomes were derived.

• A new retrofitting technique, which is a modification of the precast HSPRCC plate
retrofitting by Bedirhanoglu [19], was introduced. This method includes the use of
perforated steel plates with the matrix of repair mortar cast on site. The tests proved
that the shear capacity of short columns with extremely low strength-concrete can be
increased substantially by implementing the proposed retrofitting technique using a
modified HSPRCC plate application.

• Besides the increase in shear capacity by increasing the lateral reinforcement and ap-
plication of the HSPRCC, shear or shear-flexural failure was observed in all specimens.
This can be attributed to the excessive effect of compression stresses on the behavior.
Particularly for columns with extremely low-strength concrete, the maximum shear
force limit is marginally higher than the shear force capacity, which means that the
compression stress has an important effect on the shear capacity.

• The shear stresses at peak loads are 0.51 and 0.58
√

f ′c for the reference specimens and
0.70 and 0.74

√
f ′c for the retrofitted specimens.

• It was seen that perforated steel plates are effective in increasing the shear capacity of
the short columns.

• The developed technique is effective in carrying compression stress, in addition to
the tensile stresses. On the other hand, it is clear from observations that the whole
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capacity of the retrofitting plates was not used. In further loading, the existing concrete
expands due to high compression stresses, and the retrofitting plates start to peel
from the surface of the column, which decreased the effectiveness of the plate in
carrying compression stresses. With a proper precaution against expansion, such as
strengthening the corner connection, the effectiveness of the retrofitting technique will
be increased.

It should also be noted that the proposed retrofitting technique is an up-and-coming
and more practical alternative to the current retrofitting methods. The application of
the proposed method is easier, quick, and economically feasible. Furthermore, since the
HSPRCC is cast on site, the surface preparation is not needed, and the technique can
be adapted to many different surfaces. In addition, HSPRCC combines the high tensile
strength and ductility properties of steel with the high compression strength and good
durability properties of high-performance concrete. Nevertheless, this method can be
further developed by the addition of connecting link elements that have high tensile
strength capacities to connect the perforated steel plates on the four sides of the column.
It is also important to note that, for the application of the current method, all sides of the
column should be open to the intervention. It is also important to mention that the current
study is a primary study carried out on a minimum number of specimens, and further
research on a higher number of specimens with different parameters is necessary to obtain
more generally applicable results.
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Nomenclatures

As = the area of the tension reinforcement
Asw = the total area of the lateral reinforcement
A′ = the area of the tension reinforcement
b = width of the cross-section
bc = width of the stirrup
ds = diameter of the standard disc specimen
h = height of the cross-section
hc = height of the stirrup
hs = height of the standard disc specimen
f′c = compression cylinder strength of concrete
f′cc = compression cube strength of concrete
fct = direct tensile strength
fcts = splitting tensile strength
fcm = compression cube strength of mortar
fysp = yield stress of steel plate
fyw = yield stress of the stirrup
Hr = hole ratio
P = vertical load
s = stirrup spacing
fe = diameter of the stirrup
r = longitudinal reinforcement
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rsh = lateral reinforcement
ts = steel plate thickness
tm = mortar thickness
Vmax = maximum shear strength of a column section
Vpmc = the contribution of the mortar in compression
Vpmt = the contribution of the mortar in tension
Vps = the contribution of perforated steel plate in tension
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