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Abstract

Reinforced concrete (RC) members may expose to impulsive dynamic loads
due to the reasons such as the explosions occurring in the interior or exterior
part of them, rockfall, the vehicle crash to the bridges, the collision of masses
with the effects of floods and landslide. Many studies have investigated the
effects of impulsive dynamic loads on the beam, column, and slab RC struc-
tural elements have been investigated in the literature. However, the authors
have not encountered any study focused on the impact behavior of beam to
column connections of the frames constructing the bearing system of
reinforced concrete structures. Therefore, an experimental study has been
planned to investigate RC beam impact behavior to column connections
strengthened with carbon fiber-reinforced polymer (CFRP) strips. The concrete
compressive strength, shear reinforcement spacing, CFRP strip spacing, and
input impact energy applied to test specimens were taken as experimental vari-
ables. The time histories of impact load acting on test specimens, accelerations,
displacements, and the strains measured from CFRP strips have been recorded
in experiments. The experimental variables' effect on dynamic responses of RC
beam to column connections strengthened with CFRP strips subjected to
impact load has been interpreted in detail. The study's scope and improved
numerical analysis procedure have also been introduced to verify experimental
results. Good agreement between numerical and experimental results demon-
strated that the presented numerical procedures could be safely used for evalu-
ation of impact behavior of RC beam to column connections strengthened
with CFRP strips.
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1 | INTRODUCTION

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along

The conventional design of RC structures has been per-
formed by considering the dynamic loads such as

with the authors’ closure, if any, approximately nine months after the
print publication.
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earthquake and wind and the vertical static loads. How-
ever, RC structures may subject to impulsive impact loads
due to different reasons in their service period. One of
the most common cases is spherical air-shock wave gen-
erated by explosions on structures as the dynamic impul-
sive load. Impulsive impact load effects can be seen in
the inner part of structures due to explosions that acci-
dentally occurred in the natural gas tanks or LPG gas
tanks. Besides, military structures or buildings that have
strategic importance may expose to impulsive impact
load in their outer environment with explosions due to
terrorist attacks. Furthermore, rockfall, the collision of
masses with the effect of flood and landslide, vehicle
crashes to highway or seaway bridges are other reasons
causing impact loads on structures. RC structures or
structural members designed without considering the
impact load effects may experience significant damage or
total collapse. In order to prevent such situations, the
behavior and performance of RC structures dynamic
impact loads should be investigated and interpreted in
detail.'

Many comprehensive experimental and analytical stud-
ies, where the impact behavior of the concrete or reinforced
concrete beam, column, and slab structural elements is
investigated, exist in the literature.*>* The impact behavior
of beams manufactured using fiber reinforced concrete and
beams strengthened with fiber-reinforced polymer strips
have also been investigated.”*** Furthermore, under the
effect of impulsive loads, the dynamic response and failure
modes of ultra-high-performance fiber-reinforced concrete
columns (UHPFRC), precast segmental columns, RC
columns strengthened with fiber-reinforced polymer (FRP)
composites, and concrete-filled steel tube (CFST) columns
were investigated.>**** In the studies focused on RC slabs
subjected to impact load, the effects of the reinforcement
ratio, pre-stress, support conditions, and strengthening with
FRP strips on dynamic responses of RC slabs have been
examined.*

The detailed literature review conducted has unveiled
many works in which impact behaviors of beams, col-
umns, and slabs, which are structural members con-
structing RC frame structures, were investigated.
However, the authors have not encountered any study
focused on the beam's dynamic behavior to column con-
nections of RC frame structures under the impulsive
impact load. At the end of the literature review per-
formed for the beam to column connections subjected to
impact load, authors have come across only one study.
This study, presented by Al-Rifaie et al.,>® was related to
the steel beam to column connections. In this study, ana-
lytically and experimentally investigated steel beam to
column connections under quasi-static load and impact
load is examined. The eight specimens designed as the

partial depth end-plate connections and the flush plate
connections were tested in the study. One of the study
findings is that steel beam to column connections have
experienced more energy absorption capacity during
impact loading than quasi-static loading. Three stages
characterized lateral impact response: (a) peak stage,
(b) plateau stage, and (c) bounce stage, and it was found
out that 60% of the plastic deformations occurred during
the plateau stage. After comparing the static and impul-
sive loading, the dynamic increase factor (DIF) values
have been proposed for predicting the effect of the
dynamic impact loading. It is emphasized that the DIF
values have changed between 1.25 and 1.38 for experi-
ments and between 1.19 and 1.34 for the finite element
analysis.

As mentioned above, as the result of the authors'
detailed literature review, it has been seen that there is
no study where the impact behavior of RC beam to col-
umn connections or RC beam to column connections
strengthened with carbon fiber-reinforced polymer
(CFRP) strips has been investigated. Therefore, an experi-
mental study has been planned. In the study's scope, the
concrete compressive strength used for the manufacture
of the beam to column connections, the shear reinforce-
ment spacing, the spacing of CFRP strips used for
strengthening, and the input impact energy level applied
to test specimens were taken as experimental variables.
This study was aimed to examine the behavior of
column-beam joints with insufficient shear reinforce-
ment and very low concrete strength under the effect of
sudden dynamic impact loading, which is needed to be
strengthened. To what extent the strengthening tech-
niques proposed with CFRP strips in reinforced concrete
column-beam joints with low concrete strength and
insufficiently shear reinforcement increase the perfor-
mance level under the effect of sudden dynamic impact
loading is the main issue in the study. It is known that
reinforced concrete structures in need of reinforcement
have very low concrete compressive strength values. For
this reason, a concrete column-beam joint with a con-
crete strength of 10 MPa was selected in the experimental
study. This study's main purpose is to examine the perfor-
mance levels of reinforced concrete column-beam joints
under the effect of sudden dynamic impact loading,
which has different design errors and deficiencies and
needs strengthening. The strengthening detail proposed
in the study aimed to determine the extent to which the
performance of insufficient column-beam joints under
the effect of sudden dynamic impact loading can be
increased. For this reason, the rebars used as shear rein-
forcement have been used as plain rebars as in the old
structures that need strengthening. The 1/3 scaled 16 RC
beam to column connection test specimens were
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manufactured and tested under the impact load. The
impact load was applied to test specimens using a drop-
weight test setup designed by the authors. The time histo-
ries of impact load acting on test specimens, accelera-
tions, displacements, and the strains measured from the
CFRP strips have been measured during the tests. These
measurements taken from specimens have been

TABLE 1 Properties of test specimens

b | 1979
S

compared by interpreting. Furthermore, an improved
numerical analysis procedure based on finite element
analysis (FEA) was introduced. The dynamic responses
and failure modes of test specimens were compared to
those obtained via the presented FEA. The comments
related to which extent the presented finite element
model has been successful for evaluation of dynamic

Spec. Weight of Concrete compressive Drop Stirrup CFRP strip
no hammer (kg) strength (MPa) height (mm) spacing (mm) spacing (mm)
1 84 10 500 300 150
2 250
3 Without stirrup 150
4 250
5 750 300 150
6 250
7 Without stirrup 150
8 250
9 25 500 300 150
10 250
11 Without stirrup 150
12 250
13 750 300 150
14 250
15 Without stirrup 150
16 250
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(b) Reinforcement detail of Specimens 3, 4, 7, 8, 11, 12, 15 and 16

impact behavior of RC beam to column connection ele-
ments were conducted.

2 | EXPERIMENTAL STUDY

2.1 | Test specimens and materials

The RC beam's impulsive impact behavior to column
connections was investigated in the experimental study's
scope. The investigated experimental variables were the
concrete compressive strength, the shear reinforcement

spacing, the CFRP strip's spacing, and the input impact
energy level transmitted to test specimens. The properties
of test specimens and the experimental variables were
given in Table 1. Two series of test specimens whose
compressive strengths were 10 and 25 MPa had been
manufactured. The half of the beams constructing beam
to column connections included shear reinforcements
with the spacing of 300 mm. Remain beams constructing
beam to column connections had been manufactured
without the shear reinforcements. The beams of the RC
beam to column connections have been designed as
shear-deficient and manufactured. These beams that had

85UBD17 SUOWILLIOD SAIERID 3|qed!jdde ay) Ag pausenob afe sapie WO ‘88N JO 3|1 o} Akeiq18uluO 8|1 UO (SUOIPUOD-pUR-SLUBYW0D A8 1M AleIq Ul UO//:Sdiy) SUORIPUOD PUe SWB L 81 39S *[GzZ0z/2T/ee] uo Arigiauliuo A8|im ‘Ifegep3a uAes >10911g Aq T25000202 09NS/200T OT/10p/wod A8 | Asq Ul juo//Sdiy WO papeojumoq ‘v ‘T20Z ‘8vOLTSLT



KAYA ET AL.
TABLE 2 Properties of CFRP Sikawrap 160-C (unidirectional)
and resin Sikadur 330
Properties of CFRP Remarks of CFRP*
Thickness (mm) 0.12
Tensile strength (MPa) 4100
Elastic modulus (MPa) 231,000
Ultimate tensile strain (%) 1.7

Properties of resin Remarks of resin®

Tensile strength (MPa) 30
Elastic modulus (MPa) 3800

“These values are given by the manufacturer.

an insufficient quantity of shear reinforcement were
strengthened with CFRP by wrapping externally. The
spacing of CFRP strips bonded as the shape of “U” was
150 and 250 mm. Another experimental variable was the
input impact energy level applied to the test specimen.
Two different input impact energies were applied to test
specimens by dropping the steel hammer with a weight
of 84 kg from two different drop-heights, 500 and
750 mm.

The 1/3 scaled the RC beam to column connections
used for the experimental program have represented the
outer beam to column connection of standard RC frame
structures. Designed test specimens correspond to the
rotation points passing through the midpoints of
the beam and column, which takes place in the RC frame
structure's outer beam to column connection. The geo-
metric dimensions of test specimens were presented in
Figure 1. The targeted concrete compressive strengths
were for 10 and 25 MPa for two different series. Five stan-
dard cube test samples with a dimension of
150 x 150 mm were taken from each test specimen and
kept in similar curing conditions with RC beam to col-
umn connection test specimens to determine concrete
compressive strength. The concrete cube samples were
kept in the curing environment for 21 days with the test
specimens and then allowed to dry in the laboratory for
7 days. The concrete compressive strength of cube sam-
ples was determined with axial compression tests on days
when the experiments were conducted. The RC beam's
average concrete compressive strengths to column con-
nection test specimens had been determined as 10.3 and
24.8 MPa, which were quite close to the value of targeted
concrete compressive strength. The concrete compressive
strengths of test elements were obtained close to each
other, and standard deviation and variation values were
low. The tests of the test elements’ concrete compressive
strengths were made according to the Eurocode 2 regula-
tion.* The reinforcements used in RC beam to column
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connections were provided simultaneously, and test spec-
imens were manufactured with the same reinforcements.
Reinforcement details were given in Figure 2. The col-
umn reinforcements were identical for whole test
specimens.

The columns have included six longitudinal ribbed
rebars with a diameter of 8 mm and the 4 mm diameter
stirrup placed with a spacing of 75 mm. The stirrups were
formed from plain rebars. The only difference in rein-
forcement details of the test specimens was the spacing of
shear reinforcements in beams. Beams have included
four longitudinal ribbed rebars with a diameter of 8 mm
for all test specimens. The shear reinforcements were
placed with the spacing of 300 mm in beams of Speci-
mens 1, 2, 5, 6, 9, 10, 13, and 14. Remain specimens had
no shear reinforcements. Five samples taken from rein-
forcements were tested under the axial tensile load to
determine each type of reinforcements’' mechanical prop-
erties. The elastic modulus, yield strength, and ultimate
strength of the ribbed rebars with a diameter of 8 mm
were E = 209 GPa, f,, = 485 MPa, and f;, = 569 MPa,
respectively. For shear reinforcements with a diameter of
4 mm, these mechanical properties were E = 210 GPa,
fsy = 415 MPa, and f;, = 525 MPa, respectively. The axial
tensile tests of the reinforcement used in the test ele-
ments were carried out according to the ASTM A615-16
Standard Specification for Deformed and Plain Carbon-
Steel Bars for Concrete Reinforcement.>?

After the RC beam's manufacture to column connection
test specimens completed, the CFRP material was preferred
for strengthening the shear-deficient beam part. The CFRP
strips and epoxy were the products of the Sika company.
The mechanical properties of CFRP and epoxy, provided by
the manufacturer, were given in Table 2. After completing
the test specimens’ curing time, the strengthening of test
specimens’ beam regions with CFRP strips was performed.
The spacing of CFRP strips in the beams was preferred as
150 mm and 250 mm. The strengthening details were pres-
ented in Figure 3. Two side surfaces and bottom surfaces of
beams belonging to RC beam-column joins, in which CFRP
strips were bonded, have been roughened until the aggre-
gates expose. Then these surfaces were cleaned with water-
soaked sponges and were dried with compressed air. Two-
part epoxy mixed up a point at which mixture took a single
uniform color, and then a 0.5 mm thick epoxy was applied
to the surfaces. A special hand tool with 0.5 mm teeth was
used for applying epoxy on to the concrete surface. After
that, CFRP strips were laid on to epoxy by hand carefully
without changing the fibers' directions. Only one single
layer of CFRP was used for the strengthening of specimens.
These CFRP strips were soaked with epoxy to prevent air
bubbles between the beam side and CFRP. Finally, another
0.5 mm thick epoxy was applied to CFRP strips to protect
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(b) Strengthening detail of Specimens 2, 4, 6, 8, 10, 12, 14 and 16

the fibers' direction. The explained strengthening technique
was applied to all of the specimens identically. When the
procedure mentioned above is applied, attention should be
paid to keeping the laboratories’ temperature around 20°C
+ 2°C. After CFRP strips were bonded, a 7-day curing time
was waited to reach the epoxy's full strength. The CFRP
bonding to the concrete surface is strongly dependent on
the proper application of the procedure and the surface
preparation. Keeping the direction of fibers of CFRP strips
and soaking the epoxy into CFRP while avoiding air

bubbles are the key factors for bonding. The strengthening
procedure should be done with great care for determining
the impact behavior of specimens strengthened with CFRP
strips completely.

2.2 | Test setup and instrumentations

Impact loading was applied to the RC beam to column
connections using the drop-weight test setup presented in
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1, 2, 3: Shear Crack
Width

4, 5: Flexural Crack
Width

6: Acceleration

7: Beam Tip
Displacement

FIGURE 4 Test setup and instrumentations

Figure 4. This setup has been specifically developed for
the impact experiments. The test setup allows the
dropping different weights from a maximum height of
2500 mm to the test specimens with various dimensions.
The weight of the hammer was kept constant during the
tests. An 84 kg hammer was dropped from a height of
500 and 750 mm to apply impact loading to the same
contact point. By this means, two different input energy
level were applied to RC beam to column connection test
specimens  (9.81 x 84 x 0.5 = 04120kJ] and
9.81 x 84 x 0.75 = 0.6190 kJ). In order to prevent local
fractures at the point of contact and to obtain a load distri-
bution, high strength steel plates with dimensions
100 x 100 x 10 mm were placed on the contact points. The
steel loading plates were fixed to the specimens with two
mechanical anchors. Special polyurethane rubbers were
also placed between the loading plates and test specimens.
RC beam to column joint specimens was placed into
the impact test setup by supporting the rigid RC labora-
tory wall using high strength rods. As similar to their
actual position, test specimens’ columns were fixed to the
rigid wall in vertical, and beams were placed to drop-
weight test setup horizontally. The impact energy that
will transmit to specimens, which have been adjusted by
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changing the hammer's weight and drop height, has been
selected at the proper level to trace the damage that will
occur in the specimens. The semi-spherical impact ham-
merhead used in experiments was fabricated from high-
strength steel. The impact hammerhead's geometry was
taken as constant in tests like dropping the weight of the
hammer. In the experimental part of this study, impact
loading applied to test specimens was measured by an
ICP piezoelectric dynamic load cell placed into the hemi-
spherical part of the drop weight hammer apparatus in
the test setup. The accelerometer was also connected to
the RC beam to column joint specimens to measure the
vibration motions under the effect of impact loading.
The accelerometers’ objective was not to measure impact
loading but to measure the vibration exhibited by speci-
mens under impact loading. Under the effect of impact
loadings with two different level input energies, test spec-
imens' dynamic response was evaluated using this accel-
erometer's vibration characteristics. The piezoelectric
accelerometer placed on the test specimens has a 5000 g
capacity. This accelerometer has been placed on the RC
beam's free edge close to the impact loading point. The
accelerometer was fixed with special brass connection
apparatus by using mechanical anchors.

Additionally, the displacement time histories of the
six different points on the RC beam to column specimens
have been measured. The whole of six displacement mea-
surements was recorded for different purposes. One of
the measurements was used to determine vertical dis-
placements of the beam ends. For each specimen, three
displacement transducers were placed on the beam and
the column to beam joint zone with the angle of 45° to
measure the width of the shear crack that will be able
to occur. The other two displacement transducers were
placed on top and bottom surfaces of the beam, as possi-
ble as close to the beam-column connection region, to
measure the bending crack that will occur. The displace-
ment measurements aim to measure all impact load-
induced displacements such as beam end displacements,
the shear cracks widths, and bending cracks widths.

Furthermore, time histories of strains measured from
CFRP strips bonded to the side face of the RC beam part
of the beam to column joint specimens for strengthening,
and time histories of impact load acting on test speci-
mens were measured. For each specimen, three strain
measurements were taken from CFRP strips wrapped to
beam in the shape of U. These measurements were taken
from the first three CFRP strips, which were closest to
the beam-column joint zone region. The data were
obtained through a dynamic data logger system. Special
software was used for this data logger system to perform
the tests. One impact load, one acceleration, six displace-
ment, and three strain measurements have been taken
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from each test specimen using the dynamic data-logger and interpret the effect of the experimental variables on

system.

3 | EXPERIMENTAL RESULTS

AND DISCUSSIONS

the impact behavior beam-column joints strengthened
with CFRP strips. The time histories of the beam-end
accelerations measured from test specimens and the
impact loads applied to beam ends were given in Fig-
ures 5 and 6, respectively. Besides, the time histories of
the beam-end displacements measured from the impact

In the experimental study's scope, time histories of one loading point were presented in Figure 7. It aims to inter-
acceleration, six displacements, three strain, and impact pret the strengthening method's effects by measuring the
force applied to beam end were recorded to investigate displacement and acceleration taken from the beam end
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on reinforced concrete column beam joints' performance.
The three shear crack widths-time measurements were
taken from the intersection point of the beam to column
zone, and the beam region of each beam to column con-
nection specimen, and these graphs were presented in
Figures 8-10. Shear crack widths given in Figure 8 were
measured from the intersection point of the beam to the
column zone and named as the number one shear mea-
surement. The other two shear crack width measure-
ments taken from beam regions were presented in

Time (sec)

Figures 9 and 10, and they were named measurements
number two and three, respectively. The shear crack
width with the number two was taken from the maxi-
mum moment region, while the number three was taken
from a point closer to the beam end and near the point of
number two. The shear crack measurements taken from
the RC column-beam joint area aimed to determine the
extent to which the shear crack widths caused by
the impact load applied to the specimens affected the pro-
posed strengthening method. Shear crack widths are an
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important indicator for determining the strengthening
technique's performance level applied in column-beam
joints where shear reinforcement is extremely insufficient,
and shear reinforcement is not densified. Using the beam
end displacement versus time distribution graph presented
in Figure 7, it is interpreted how the strengthening method
applied to the test elements with CFRP strips affects the
behavior under impact loading. Likewise, by analyzing the
shear crack width-time distribution graphs given in

Figures 8-10, comments were made about how successful
the strengthening method applied with CFRP strips in lim-
iting the shear cracks in the reinforced concrete beam-
column junction was made. Figures 11 and 12 show the
variation of flexural crack widths measured from the bot-
tom and top surfaces that were at maximum moment point
according to time. Figure 11 shows the bottom surface flex-
ural crack width, and Figure 12 shows the top surface flex-
ural crack. For each test specimen, three strain
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measurements were taken from three CFRP strips nearest
the panel zone. The strain gauges were mounted on CFRP
strips wrapped to side surfaces of the beam. Strain gauges
were mounted on the mid-point of CFRP strips, which cor-
responds to the half of beam height, in the main bearing
fibers' direction. The strain-time measurements, including
maximum values of among three strain measurements,
were presented in Figure 13. The results obtained by experi-
ments are summarized in Table 3.

One of the variables investigated in the experimen-
tal study's scope is the spacing of CFRP strips used for

strengthening the beam to column connection test spec-
imens. CFRP strips were bonded to test specimens with
the spacing of 150 and 250 mm. The increase of the
CFRP strip's spacing decreased the maximum accelera-
tion values measured from the end of the beam, on
average, 16%. The increase of the CFRP strip spacing
from 150 to 250 mm increased the maximum displace-
ment values measured from beam end, the maximum
shear crack width values, the maximum flexural crack
width values, the residual displacement values at the
beam end, and the maximum strain values measured
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from CFRP strips as 36%, 43%, 39%, 55%, and 67%,
respectively. The strengthening with CFRP strips
remarkably improved the beam's performance to col-
umn connection areas under the impulsive impact load-
ing effect. The CFRP strips enhanced the beam's
stiffness and toughness to column connection test speci-
mens, increased the maximum acceleration values that
occurred due to impact loading, and considerably
decreased the displacement and crack width values.

1 1.5 2
Time (sec)

CFRP strips highly decreased beam end displacement
values and played an effective role in limiting the shear
and flexural crack widths. Test Specimen strengthening
using CFRP with the spacing of 150 mm experienced
much better impact performance than those strengthen-
ing using CFRP with 250 mm. Strain values measured
from test specimens with the CFRP spacing of 250 mm
were obtained greater than those with the CFRP spac-
ing of 150 mm.
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Under the effect of impact loading applied to test
specimens, the maximum strain values were measured,
on average, as 0.00854 and 0.01424 mm/mm for test spec-
imen strengthening using CFRP with the spacing of
150 and 250 mm, respectively. These strain values are
71% and 158% greater than 0.005 mm/mm on average,
respectively. The strain values measured from CFRP
strips under the effect of sudden dynamic impact loading
are much higher than the peel limit strain value of

0.005 mm/mm, which is defined for the peeling of the
CFRP strips effect static loads presented in the ACI
440 Committee report.”® This result has shown that the
increase in material strength values with the effect of
strain rate observed in other material types under
dynamic loading is also valid for the interface of concrete
and CFRP strips. This result demonstrates that the CFRP
strips exhibit 2.3 times greater strain values in impulsive
dynamic loadings according to static loadings. With this
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result obtained, it is considered that strengthening of RC
structures with CFRP against the impulsive dynamic
effects becomes a good and utmost applicable alternative
among the strengthening methods.

The second variable in the experiments is shear rein-
forcement spacing in the beam sections of the beam to
column connection test specimens. Beam sections
included shear reinforcement with the spacing of
300 mm or no shear reinforcement. Test specimens

whose beam parts have shear reinforcements with the
spacing of 300 mm exhibited, on average, 33% lower max-
imum acceleration values measured from beam-ends
than test specimens whose beam parts have not shear
reinforcements. Maximum shear crack width, maximum
bending crack width, and residual beam end displace-
ment values measured from the specimens without shear
reinforcement were obtained 19%, 22%, and 26% greater
than the specimens with shear reinforcement 300 mm
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spacings on average, respectively. Besides, maximum
strain values measured from test specimens without
shear reinforcement were obtained 34% greater than the
specimens with shear reinforcement at 300 mm spacings
on average, respectively. These results showed that the
decrease of the shear reinforcement ratio in beam parts
negatively affects performance and causes the increment
of all of the maximum acceleration values, the displace-
ment, and crack width values at the beam-column con-
nections. The decrease of shear reinforcement ratio

caused CFRP strips to be forced by reaching greater
strain values and greater shear force. The increase of
shear reinforcement spacing caused the increments
of the number and the width of the shear cracks occur-
ring in addition to the flexural cracks (Figure 14). Under
the impact loadings with the same impact energy, the fact
that shear fracture becomes dominant in the RC beam's
failure mode to column connection led to more damage to
test specimens. It absorbed more energy from the test speci-
men. The increase of the shear damages and the increase of
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the energy transferred to test specimens increased the accel-
eration and displacement values measured from the RC
beam to column connection specimens. These effects of the
shear reinforcement ratio on the impact behavior of the RC
beam to column connection specimens have been in good
agreement with the results obtained from a considerable
number of the experimental and analytical studies in the lit-
erature.10’11’13’15’20’35’54_57

The third variable investigated is the concrete com-
pressive strength used for manufacturing beam to col-
umn connection test specimen. Test specimens have been

Time (sec)

manufactured in two different concrete classes, of which
compressive strengths are 10 and 25 MPa. The increase
of concrete compressive strength from 10 to 25 MPa
increased the maximum acceleration values measured
from beam ends, on average, 34%. However, this incre-
ment in concrete compressive strength led to the decre-
ments of all displacements and crack widths. The
maximum displacement and the maximum residual dis-
placement at the beam end, the maximum shear crack
width, and the maximum flexural crack width values
decreased, on average, like 22%, 26%, 23%, and 22%.
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Specimen-10

Besides, the maximum strain values measured from
CFRP strips decreased, on average, 22% with the increase
of the concrete compressive strength. It is observed that
the maximum acceleration values of the specimens man-
ufactured from a lower strength concrete (10 MPa) were
subjected to lower acceleration magnitudes. Lower
strength concrete may be attributed to the lower stiffness
and related energy dissipation capacity of the specimens
manufactured using a lower strength concrete (10 MPa).
The results obtained from this study are in good agree-
ment with similar studies in the literature. According to
the literature studies, an increase in the compressive
strength of concrete leads to an increase in the measured

FIGURE 14 Crack distribution of
test specimens after test

face 4
10 face3
face 2 8

1 5 6
face 1 A

FIGURE 15 Element type in the analysis

acceleration values, generally. The increase of concrete
compressive strength leads to an increase in the toughness
of elements. This increment in toughness also increased the
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FIGURE 16 Finite element models

FIGURE 17

Specimen 2 after mesh operation

test specimens’ acceleration values subjected to impact load-
ing conditions with identical energy levels. These results
implied that the impact load and the energy capacity of
structural members manufactured using normal strength
concrete (25 MPa) are higher than their counterparts man-
ufactured using low strength concrete (10 MPa). Low level
of acceleration magnitudes measured from elements man-
ufactured using low strength concrete (10 MPa) showed
that they absorbed a low level of impact energy. An increase
in the compressive strength of concrete used in the test
specimens improved the general impact behavior. Similar
results are also observed in the study of Liao et al.”® Results

obtained demonstrated that the increase of the concrete
compressive strength improved test specimens’ impact per-
formance and the accelerations have increased, whereas the
displacements have decreased. Furthermore, the concrete
compressive strength increase decreased the strain values
measured from CFRP strips and provided lower shear force
acts on CFRP strips.

The last variable investigated in the experimental study's
scope is input impact energy transmitted to test specimens.
Two different level input impact energies were applied to
test specimens by dropping steel hammer with constant
weight from two different drop-heights are 500 and
750 mm. The increase of input impact energy increased
maximum acceleration, maximum displacement at beam
end, maximum shear crack width, maximum flexural crack
width, maximum residual displacement at beam end, and
maximum strain values like 30%, 36%, 33%, 32%, 27%, and
32%. The maximum contact force was determined as
6.51 kN when the test specimen had been subjected to
impact loading with an impact energy of 0.4120 kJ. The
maximum force acting on test specimens increased to
10.01 kN when impact loading with the impact energy of
0.6190 kJ had been applied. The increase of input energy
performed by dropping steel hammer from 750 mm height
instead of 500 mm increased the maximum contact force
transferring to the test specimens by 54%. The increase of
the contact force increased all acceleration, displacement,
and strain values. The photos illustrating the crack patterns
and damages due to impact loading were presented in
Figure 14. When Figure 14 is analyzed, it can be seen that
the crack pattern and damages are accordant with the dis-
placement measurements taken from the beam to column
connection test specimens. When the distribution of dam-
age that occurred in the specimens was examined, it was
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FIGURE 18 Material model of concrete
TABLE 4 Mechanical properties of concrete
Values Values
Property for C10 for C25
Poisson’s ratio 0.20
Density (kg/m>) 2400
Modulus of elasticity 14,862.70 23,500
(MPa)
Compressive strength 10 25
(MPa)
Tensile strength (MPa) 1.97 3.11
74 30
e 0.10
Obo / O¢c0 1.16
K. 0.6667
" 0.0001

seen that the specimen with the most damage was Speci-
men 8. Beam tip displacement, shear crack widths, and
bending crack widths measured from Specimen 8 are the
largest experimental program values. It was observed that
the concrete was crushed due to the impact loading in the
lower pressure zone of the beam of Specimen 8, and
spalling occurred in the concrete shell. Furthermore, when
the crack patterns that occurred in test specimens are ana-
lyzed, it can be concluded that the strengthening with
CFRP strips has been successful at limiting and decreasing
crack widths for the shear-deficient test specimens. Test
specimens strengthening using CFRP with the spacing of
150 mm have less damaged, exhibited lower beam-end dis-
placements and crack widths than test specimens strength-
ening using CFRP with 300 mm. The decrease of shear

Co[~~"~~"~~-

Eo

ol
-2
£

E.‘
! (tension)

reinforcement ratio and the increase of applied input
impact energy led to more damage and enhanced crack
widths. However, the increase of the concrete compressive
strength limited damages and decreased the crack widths.

4 | NUMERICAL ANALYSIS

In the numerical analysis part of the study, finite element
models of test specimens have been generated by
ABAQUS software (ABAQUS Users' Manual, 2015). In
parallel with this purpose, the software's explicit module
is utilized to verify test results obtained from the experi-
mental program. This module manages to perform non-
linear incremental analysis via many advanced material
models. Researchers and engineers investigate structural
members' behavior under sudden impact effects by
ABAQUS/Explicit in recent years.

The numerical analysis's first step is creating three-
dimensional finite element models of the test specimens,
hammer, loading plate, longitudinal and transverse steel
bars, CFRP strips, and test setup in the software.
C3D10M (10 nodes modified tetrahedron) shaped ele-
ments that give the most accurate results for such prob-
lems are used in the modeling phase of the finite element
models (Figure 15).* Finite element models of Speci-
mens 1 and 4 are presented in Figure 16 to show two dif-
ferent reinforcement configurations. Support conditions
of test specimens are provided in the software. For this
purpose, support regions of the specimens are defined
with the boundary conditions with the same boundary
conditions in the experimental study in horizontal, verti-
cal, and axial directions. A steel hammer applies impact
loading on the specimens. So, the movement of the
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TABLE 5 Material characteristics of steel and rubber
Property Steel bars with 8 mm Steel bars with 4 mm Hammer and plate Rubber
Poisson's ratio 0.30 0.30 0.30 0.45
Density (kg/m>) 7850 7850 7850 1230
Young's modulus (MPa) 209,000 210,000 200,000 22
Shear modulus (MPa) 80,384.61 80,769.23 76,923.08 7.59
Bulk modulus (MPa) 174,166.67 175,000 166,670 73.33
Yield strength (MPa) 485 415 - -
A determined by providing a stress—strain relationship in
4 compression and tension regions, as presented
S in Figure 18. The concrete damage plasticity model is the
; best way to define the complex behavior of concrete. In
i the compression region, a linear response is obtained
! until the initial yield value, 6.,. However, the behavior of
K, : concrete is different in the plastic zone. In this part, the
V0 Gy response is determined by the stress hardening followed
- : by strain-softening beyond the value of ultimate stress,
: o.- In the tension region, linear elastic behavior is
3o & [ obtained until reaching failure stress value, 6. Micro-
cracks in concrete occur beyond this point in the stress-
FIGURE 19 Bilinear traction—constitutive separation law

hammer in the vertical direction is released in the analy-
sis. Because the problem is a free-fall test, the only gravity
force is assigned to the hammer. After generating finite
element models with boundary conditions, mesh opera-
tion has been performed in the software. The mesh struc-
ture of the models is provided by considering the element
and analysis types. For this purpose, comparative and
sensitivity analysis between 10 and 25 mm is performed
to reach the most convenient finite element size. As test
specimens include steel bars and CFRP strips, computa-
tion time extends when smaller values are used in the
analysis. So, the finite-element size is decided as 20 mm
for all models. This study used 1, 242,220 nodes and
174,197 elements for Specimen 1, 233,842 nodes and
168,322 elements for Specimen 2, 236,684 nodes
and 169,919 elements for Specimen 3 and 230,816 nodes
and 165,948 elements for Specimen 4, respectively. The
finite element model of Specimen 2 is shown after mesh
operation in Figure 17.

Material characteristics of concrete, steel bars, loading
plate, hammer, and CFRP strips are defined and assigned
to related geometries in the software before performing
numerical analysis. The concrete damage plasticity
model, a continuum, plasticity-based, damage model is
used to define the non-linear property of concrete in the
software. In this way, concrete behavior is successfully

strain relationship. The formation of these micro cracks
is characterized by softening stress-strain response after
failure stress. There are two damage variables as d; and
d. in the concrete damaged plasticity model. These vari-
ables are utilized for elastic stiffness degradation. The
values of the damage variables change between 0 < d;
and d. < 1. Undamaged material is represented by zero.
On the other hand, total loss of strength is represented by
one. Stress-strain relationships under the effect of ten-
sion and compression loading are obtained by Equa-
tions (1) and (2). Parameters such as E,, Efl and élc’l are
the material's initial elastic stiffness, the equivalent plas-
tic strain in tension, and compression in the equations
below.>’

Utz(l—dt)Eo(et—é{ﬂ) (1)
oc=(1—dc)Eo(ec — &) (2)

The concrete damage plasticity model is based on five dif-
ferent parameters. These parameters are used to define
the yield surface function, the potential flow, the mate-
rial's viscosity, and the compressive and tensile behavior
of concrete in concrete, damaged plasticity model. These
parameters are dilation angle, the flow potential eccen-
tricity, the ratio of initial equibiaxial compressive yield
stress to initial uniaxial compressive yield stress, the coef-
ficient determining the shape of the deviatoric cross-
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FIGURE 20 Comparison of acceleration-time graphs

section, and the viscosity parameter that is symbolized by
(w), (e), (owo/0w ), (K¢), and (u ), respectively. Other
parameters of the concrete damage plasticity model are
Young's modulus, Poisson's ratio, density, compressive,
and tensile strengths.>”** All of these parameters have
been defined in the software for two different concrete

compressive strengths determined in the experimental
part of the study. Mander's stress-strain model for uncon-
fined concrete is utilized to define the behavior of con-
crete. Young's modulus of concrete (E.) is calculated by
considering the compressive strength value (f_) as given
in Equation (3).°° On the other hand, the tensile strength
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FIGURE 20 (Continued)
of concrete (f,) is determined according to Equation (4). E.=4700+/f (3)
Besides, the ultimate concrete strain value (&) is taken
as 0.003 in the software. Material properties of concrete fi=0.623+/f. (4)

are given in Table 4.
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FIGURE 21 Comparison of displacement-time graphs

The tension and compression behavior of concrete mate-
rial subjected to impact load is strain-rate dependent. The
strength of concrete can be remarkably enhanced at high
strain rates. Thus, the consideration of the strain rate
effect gains importance to predict reliable dynamic

response. The strain rate effect is commonly expressed by
a dynamic increase factor (DIF) that is dynamic to static
strength versus strain rate. Many empirical equations
define the strain rate effect on concrete material for ten-
sion and compression behaviors."** These empirical DIF
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formulations can be easily implemented in concrete
models in ANSYS and LS-DYNA software.>*>®* How-
ever, the CDP model cannot consider the rate-dependent
behavior of concrete automatically. The user must pro-
vide different tension stiffening curves as a tabular func-
tion of cracking strain rate and several compression
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hardening curves as a tabular function of inelastic strain

rate manually.” Besides, it is important to note here that

this approach does not perfectly apply the strain rate
effects on all aspects of concrete behavior.®> However, in
the previous study, a simplified iterative approach is pro-
posed. The uniaxial curves are updating in each iteration
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FIGURE 22 Comparison of impact load-time graphs

using DIF and the calculated strain rates obtained from
the mid-span section until adequate convergence is
achieved. However, it is expressed that this iterative
approach gives reasonable results only up to the first
peak of response while it is inadequate in represent a
post-peak response. Therefore, the authors have decided
that the strain rate effects in concrete are not included in

the finite element model in this study's scope because the
CDP model does not include an algorithm considering
strain-rate effect automatically.

Linear elastic material models are used to define the
steel bars' material characteristics, the loading plate, and
the rubber in the software. Properties of steel bars are
defined according to obtained results in the experimental
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FIGURE 22 (Continued)

program. Yield strength, Young's modulus, Poisson's
ratio, bulk modulus, and shear modulus values for steel
and rubber are given in Table 5. Steel bars are embedded
in test specimens. The tie contact property of the software
is utilized to provide adherence between steel bars and
the specimens.
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After completing the concrete, steel, and rubber mate-
rial characteristics, the CFRP strips' properties are
defined in the software. For this purpose, the values in
Table 2 obtained from the manufacturer are utilized for
the related parts of the specimens. Besides, the cohesive
zone model is used to define the interface between
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FIGURE 23 Damage patterns of the specimens

concrete and CFRP. This model is based on bilinear
traction-separation law represented by effective traction
7, and effective opening displacement § as presented in
Figure 19. Stiffness is expressed by Ky, the local strength
of the material is 7gax , opening displacement

b | 2005
CEB-FIP

Specimen-2

corresponding to fracture is &, and the energy required
for opening crack G are used for the definition of 7-6
relationship in the figure.

The software's contact property is used to define
the connection between the hammer and the test
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FIGURE 23 (Continued)

specimen. For this purpose, the surface to surface
contact is utilized for the hammer and specimen sur-
faces. Since it is impossible to remove friction effects
during the experimental program, the friction coeffi-
cient for contact surfaces is taken as 0.02 in

Specimen-10

tangential behavior. The hammer applies impact
loading on the specimens. For this reason, the sur-
face of the hammer is defined as the master in
the numerical analysis. On the other hand, the sur-
face of the specimen is defined as the slave. Another
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important parameter of the numerical analysis is
defining time increments and steps. Because incre-
mental dynamic analysis is performed in the soft-
ware, time increments and steps are defined for a
steel hammer's drop movement. Shorter time incre-
ments are used when contact has started between
the hammer and specimen. However, solution time
extends in this situation. Finally, the value of time
increments is decided as 2 x 10~ % s in the numerical
analysis.

Numerical analyses for all specimens are performed
by considering the changes in concrete compressive
strength, drop height, stirrup, and CFRP strip spacing in
the software to verify experimental results. Only the
weight of the hammer is taken constant in the analyses.
After completing numerical analyses by a high technol-
ogy computer, acceleration, displacement, residual dis-
placement, and impact load values are determined from
the software. Numerical results are comparatively given
with experimental results in Table 6. Average values
between results are also presented to reveal the relation-
ship between the experimental program and numerical
analysis. Furthermore, time histories of acceleration, dis-
placement, and impact load values are shown with exper-
imental values in Figures 20-22.

When the relationship between maximum accelera-
tion values of experimental and numerical results is
investigated, it is seen that ratios differ between 0.91 and
1.17. Besides, the average ratio of maximum acceleration
values is calculated as 1.04. So, only a 4% difference was
obtained between results. While the average ratio of
experimental displacement values to numerical analysis
values is determined as 1.06, the average ratio increases
to 1.09 when residual displacements are compared. How-
ever, the biggest difference between experimental and
numerical results is obtained from impact load values
with a value of 19%. The average ratio between results is
obtained as 0.81. Support conditions in the experimental
study and variation of analysis conditions between
numerical models are considered to be the main reasons
for the error rates between experimental and numerical
results. Besides, concrete material is modeled as homoge-
nous in the software. However, test specimens are non-
homogenous in the experimental study. Environmental
conditions, curing operation vibration operations affect
the homogeneity of the concrete. It is also considered that
the neglecting of the strain rate effect in concrete sub-
jected to dynamic loading leads to the differences
between residual displacement values obtained by experi-
ments and numerical analysis. In the current CDP mate-
rial model, the strain rate dependency of stress—strain
behavior of concrete in the tension and compression has
been defined with the user's tabular data. The user
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should provide lots of stress-strain curves generated for
different strain rate values predicted in this definition
approach. However, strain rates belonging to concrete
sections, which are occurred under the dynamic load, are
not known at the initial. Authors have recommended
that it is required the CDP model must be rearranged to
allow for stress-strain behaviors to be defined as a func-
tion of strain rate in contrast to the tabular data pres-
ented for limited strain-rate values. This means that
stress—strain curves belonging to the tension and com-
pression can be modified for whole sections of the struc-
tural element by considering that strain rates occurred
due to the dynamic load during the explicit analysis.

In the numerical study's final step, the specimens’
damage patterns are obtained from the software. For this
purpose, the DAMAGET function of the software that
gives reliable results in terms of damage development
under impact loading is utilized. In this way, damage dis-
tributions of the specimens in the experimental study are
obtained after numerical analyses. Damage patterns of
the specimens are presented in Figure 23. It's seen that
fractures are usually concentrated around the area where
impact loading is applied in the specimens. Besides,
impact energy on the specimens also affects the localiza-
tion of fractures.

5 | CONCLUSIONS

This study focused on the dynamic response and the
reinforced concrete beam's failure modes to column con-
nections strengthened with CFRP strips subjected to
impact loading. The beam to column connection test
specimens, of which shear-deficient beam parts were
strengthened with CFRP strips, had been tested under
the effect of impact loading using the drop-weight test
setup specially designed by authors for the impact experi-
ments. Detailed literature review revealed a considerable
number of studies where impact behavior of beam, col-
umn, and slab has been investigated. However, no study
related to the reinforced concrete beam's impact behavior
to column connections was strengthened with CFRP. It is
considered that the experimental data obtained in this
study will make important contributions to the literature
on the behavior of reinforced concrete structures under
impact loading. The results of the study were briefed
below.

« The strengthening technique with CFRP strips applied
to the beam to column connection test specimens has
been successful and enhanced impact performance by
improving the impact behavior. The decrease of the
intervals between the CFRP strips in the strengthening
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procedure where CFRP strips were bonded to the RC
beam to column test specimens increased the maxi-
mum acceleration values at beam-ends and decreased
all displacements measured.

It has been found out that the maximum strain value
measured from CFRP strips is, on average, 2.3 times
greater than 0.005 mm/mm, which is the value for the
debonding of CFRP strips from the concrete surface in
the static loading and exist in the ACI 440 Committee
Report. These experimental results unveiled that CFRP
strips bear greater shear forces without debonding in
the dynamic loading than the static loading, and they
exhibit better performance in impulsive loads

The shear reinforcement ratios of the RC beam to col-
umn connections' beam parts have been effective on
test specimens’ impact responses. The decrease of the
shear reinforcement ratios decreased the RC beam's
impact performance to column connections and
influenced negatively. The acceleration, maximum dis-
placement, and the maximum strain values measured
from test specimens have increased with the shear
reinforcement ratio decrease. The increase of the maxi-
mum strains measured from CFRP strips has led to
forced CFRP strips with the greater shear forces.

The increase of the concrete compressive strength
enhanced impact-resistance of the beam to column
connection test specimens and improved their impact
behavior. With the increase of the concrete compres-
sive strength, the maximum acceleration values
increased, whereas all maximum displacements and
the maximum strain values decreased.

The increase of the input impact energy applied to test
specimens increased the maximum accelerations, the
maximum values of the measured all displacements,
the maximum strains. The increase of the input impact
energy led to increased contact force transmitted to test
specimens. Therefore, when the test specimens were
forced with the greater loads, they damaged more and
exhibited lower performance under impact loading.
When the relationship between maximum acceleration
values of experimental and numerical results is investi-
gated, it is seen that ratios differ between 0.91 and
1.17. Besides, the average ratio of maximum accelera-
tion values is calculated as 1.04. So, only a 4% differ-
ence was obtained between results. While the average
ratio of experimental displacement values to numerical
analysis values is determined as 1.06, the average ratio
increases to 1.09 when residual displacements are com-
pared. When the numerical and experimental results
are compared, it is seen that the finite element model
created by using ABAQUS finite element software
gives successful results in harmony with the experi-
mental results at the design level.
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