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Effect of geometrical configuration on seismic behavior
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Abstract. Glass fiber-reinforced polymer (GFRP) bars have been introduced as an effective alternative for the conventional
steel reinforcement in concrete structures to mitigate the costly consequences of steel corrosion. However, despite the superior
performance of these composite materials in terms of corrosion, the effect of replacing steel reinforcement with GFRP on the
seismic performance of concrete structures is not fully covered yet. To address some of the key parameters in the seismic
behavior of GFRP-reinforced concrete (RC) structures, two full-scale beam-column joints reinforced with GFRP bars and
stirrups were constructed and tested under two phases of loading, each simulating a severe ground motion. The objective was to
investigate the effect of damage due to earthquakes on the service and ultimate behavior of GFRP-RC moment-resisting frames.
The main parameters under investigation were geometrical configuration (interior or exterior beam-column joint) and joint shear
stress. The performance of the specimens was measured in terms of lateral load-drift response, energy dissipation, mode of
failure and stress distribution. Moreover, the effect of concrete damage due to earthquake loading on the performance of beam-
column joints under service loading was investigated and a modified damage index was proposed to quantify the magnitude of
damage in GFRP-RC beam-column joints under dynamic loading. Test results indicated that the geometrical configuration
significantly affects the level of concrete damage and energy dissipation. Moreover, the level of residual damage in GFRP-RC
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beam-column joints after undergoing lateral displacements was related to reinforcement ratio of the main beams.
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1. Introduction

Beam-column joints are key elements in defining
seismic behavior of moment-resisting frames in terms of
lateral stiffness and energy dissipation. Moreover, failure of
these elements during an earthquake can lead to partial or
even total failure of the structure. Steel-reinforced concrete
(RC) moment-resisting frames are considered as one of the
main lateral load-resisting systems in buildings. Therefore,
various parameters affecting the seismic behavior of steel-
RC beam-column joints have been extensively studied
(Hanson and Connor 1967, Paulay et al. 1978, Ehsani and
Wight 1985, Kim and LaFave 2007, Le-Trung ef al. 2013).

However, combining or fully replacing the steel
reinforcement with alternative materials may be undertaken
by structural designers to achieve superior performance in
specific aspects, which can affect the behavior of moment-
resisting frames. For example, fiber-reinforced polymers
(FRPs) are used as external reinforcement in forms of
laminates and wraps to strengthen existing steel-RC
structures (Mirmiran and Shahawy 1997, Pessiki et al.
2001, Esfandiari and Esfandiari 2016, Kakaletsis 2016,
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Sumathi and Vignesh 2017, Karayannis and Golias 2018,
Esfandiari and Soleimani 2018) or as an effective
alternative for internal steel reinforcement to improve the
performance of new RC structures in terms of corrosion
resistance, especially in harsh environments (Brown and
Bartholimew 1993, Tobbi ef al. 2012, Tobbi et al. 2014, Ju
et al. 2017, Guerin et al. 2018). However, the possible
effects that FRP reinforcement can have on the seismic
performance of moment-resisting frames, is not fully
understood yet.

Recently, some studies have investigated the seismic
behavior of RC beams (Liang et al. 2016), columns
(Tavassoli et al. 2015, Tavassoli and Sheikh 2017,
Esfandiari and Latifi 2019) and beam-column joints (Said
and Nehdi 2004, Mady et al. 2011, Sharbatdar et al. 2011,
Ghomi and El-Salakawy 2016, Hasaballa and El-Salakawy
2016) internally reinforced with FRP materials. Among
various types of FRP materials commonly available in the
construction industry, Glass FRP (GFRP) is considered the
most suitable option for seismic design (Ghomi and El-
Salakawy 2016, Hasaballa and El-Salakawy 2016). This is
due to the relatively high tensile strength and low modulus
of elasticity of GFRP materials that allows them to
withstand significantly large deformations prior to rupture.
This characteristic, so-called “deformability”, compensates
for the lack of ductility in FRP-RC structures caused by the
linear elastic stress-strain relationship of FRP material
without any yielding (as oppose to conventional steel
reinforcement).
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Fig. 1 Dimensions of test specimens (dimensions in mm)

Despite the early studies on various key parameters of
the seismic behavior of GFRP-RC beam-column joints such
as type of reinforcement, joint shear stress, presence of
lateral beams, reinforcement detailing and concrete strength
(Said and Nehdi 2004, Mady et al. 2011, Ghomi and El-
Salakawy 2016, Hasaballa and El-Salakawy 2016), there
are still many parameters affecting the behavior of GFRP-
RC beam-column joints that are not fully explored.

For example, although the effect of joints’ geometrical
configuration (interior and exterior connections) has been
established for steel-RC joints (ACI 2002), up to date, no
clear comparison between the seismic behavior of interior
and exterior GFRP-RC beam-column joints has been
performed. Therefore, in the current program, the effect of
geometrical configuration on the seismic performance of
GFRP-RC beam-column joints is investigated.

Ghomi and El-Salakawy (2016) and Hasaballa and El-
Salakawy (2016) studied the seismic behavior of various
exterior GFRP-RC beam-column joints and observed that
well-designed GFRP-RC beam-column joints can withstand
lateral drift ratios as high as 9% without exhibiting brittle
failure. Since 9% lateral drift ratio is much more than what
is generally expected from a beam-column joint in a regular
moment-resisting frame, it was concluded that GFRP-RC
elements can be used in seismic regions.

Moreover, the authors concluded that, due to the linear
elastic nature of GFRP materials, exterior GFRP-RC beam-
column joints exhibit significantly lower residual damage
after a seismic event compared to steel-RC counterparts.
This feature can significantly reduce the cost of repair or
eliminate the need for demolishing the structure after an
earthquake event.

However, following an earthquake, the service and
ultimate performance of a GFRP-RC moment-resisting
frame has to be determined to assess the ability of the
structure to remain in service. Therefore, the magnitude of
damage and its effect on GFRP-RC moment frames, under
reversed-cyclic loading must be investigated.

To address this gap, two full-scale GFRP-RC beam-
columns joints were constructed and tested under multiple
reversal loading schemes. The magnitude of damage,
energy dissipation, mode of failure and stress distribution at
various loading stages were investigated. Moreover, the
performance of the specimens under service loading after
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Fig. 2 Free-body diagrams to calculate shear force at mid-
height of joints

surviving various intensity of earthquake loadings was
studied.

Although several quantitative measures of deterioration
of steel-RC structures under reversal loadings have been
proposed in the literature, up to date, no model has been
developed to quantify the magnitude of damage in GFRP-
RC elements. Therefore, in the current program, a modified
damage index based on the model proposed by Park and
Ang (1985) is proposed as a tool to measure the magnitude
of damage in GFRP-RC beam-column joints under dynamic
loadings.

2. Experimental program
2.1 Test specimens

Two full-scale GFRP-RC beam-column joints were
constructed and tested under quasi-static reversal cyclic
loading. Fig. 1 shows dimension of the specimens. Height
of the columns and length of the beams were 2,655 and
2,100 mm, respectively. Dimensions of the lateral beams
were proportioned to cover approximately 60% of the joint
area. Both specimens were designed to have a maximum

joint shear stress of 1.3\/E.

The maximum joint shear stress in the specimens was
calculated at middle-height of the joint area according to the
free-body diagrams (hatched areas) shown in Fig. 2. In Fig.
2, V; indicates the shear force at mid-height of the joint, T
indicates tensile force applied to the joint by the
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Fig. 3 Reinforcement detailing of test specimens

Table 1 Specimens’ properties

Beam Reinforcement Beam Flexural Column Flexural Flexural Joint Shear Concrete Strength Reinforcement

Specimen (Top and Bottom)  Capacity (kN.m) Capacity (kN.m) Ratio Ratio f'c (MPa) Ratio of Beam
Ex-1.0" 6-20M 352 254 1.45 0.96 47 1.34%
Ex-1.3 8-25M 454 262 1.15 1.29 49 3.05%

In-1.3 4-16M 264 280 1.06 1.30 38 0.57%

*Previously tested by the authors (Ghomi and El-Salakawy 2016)

longitudinal reinforcement in the main beam, C. indicates
compressive force applied to the joint by the concrete
compressive block and V, indicates the shear force applied
to the joint by the column.

One of the main parameters previously studied by the
authors (Ghomi and El-Salakawy 2016) was joint shear
stress in exterior beam-column joints. The authors
attempted to introduce a joint shear stress limit as the
allowable stress in exterior GFRP-RC beam-column joints.
The authors tested three full-scale exterior beam-column

joints with joint shear stresses of 0.85./f'., 1.04/f', and

1.1\/f_'c . Test results indicated that GFRP-RC exterior
beam-column joints can withstand all three levels of joint
shear stress tested. Therefore, it remains unknown that
whether such beam-column joints can withstand higher
levels of joint shear stresses or not. Therefore, in this
program, the joint shear stress of 1.3\/E was selected as
the baseline for the design of test specimens.

The results obtained from testing the exterior specimen
with joint shear stress of 1.3\/fTC is compared to the
findings of Ghomi and El-Salakawy (2016) from testing an
exterior GFRP-RC beam-column joint with the same
dimensions but different number of longitudinal bars in the
main beam, which resulted in a different level of joint shear

stress 1.04/f.

The specimens presented in this document are
designated with a two-part name, the first part indicating the
type of connection (“Ex” for exterior beam-column joints
and “In” for interior beam-column joint) and the second
part indicating the level of joint shear stress (“1.0” for joint

shear stress of 1.0/f’, and “1.3” for joint shear stress of

1.3\/]‘_’6). Reinforcement detailing of the test specimens, In-
1.3 and Ex-1.3, and the beam-column joint previously
tested by Ghomi and El-Salakawy (2016), Ex-1.0, are
shown in Fig. 3.

Table 1 shows the properties of test specimens based on
the compressive strength of concrete on the day of testing.
In the exterior specimens, the longitudinal reinforcement of
the beam was bent into the column to provide sufficient
anchorage.

The value of “Flexural Ratio” in Table 1 indicates the
ratio of the sum of flexural strength of columns (including
the axial load effect) over the sum of flexural strength of
beams in each specimen.

2.2 Material

Ready-mix concrete with target 28-day compressive
strength of 40 MPa was used to cast the test specimens. The
actual concrete compressive strength was measured through
standard compressive test of 150x300 mm cylinders. The
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Table 2 Reinforcement properties

. Tensile  Modulus of Ultimate Tensile
Reinforcement . . Area
T Strength  Elasticity Strain (mm?)
ype (MPa) (GPa) (micro-strain)
Straight Bars 1,184 62.6 18,900 198
Bent Bars* 992 50.0 19,850 507
S““;‘.‘ps*a“d 1,022 50.0 20,450 71
ies

*Properties provided in the table are corresponding to the straight
portion of the bar

Fig. 4 Test set-up

concrete compressive strength of each specimen on the day
of testing is presented in Table 1.

Sand-coated GFRP bars and stirrups were used to
reinforce the test specimens in the current program (Ex-1.3
and In.1.3). The mechanical properties of the reinforcement,
as provided by the manufacturer (Pultrall Inc. 2019), are
presented in Table 2. As mentioned earlier, bent bars were
used to anchor longitudinal bars of the main beam into the
joint area of Specimen Ex-1.3. The ultimate tensile strength
and modulus of elasticity of the longitudinal bars in the
main beam of Specimen Ex-1.0 were reported by the
manufacturer (Schoeck Canada Inc. 2019) as 850 MPa and
50 GPa, respectively. Details of the mechanical properties
of the reinforcement of Specimen Ex-1.0 are provided
elsewhere (Ghomi and El-Salakawy 2016).

2.3 Test set-up

The specimens were tested while the columns and the
beams were in vertical and horizontal position, respectively
(Fig. 4). The specimens were isolated from the assumed
points of zero-moments in an arbitrary moment-resisting
frame. Therefore, a roller and a pin boundary condition was
simulated in the test set-up at tips of the beams and bottom
of the columns, respectively.

The roller boundary condition was simulated by means
of a link (double-hinged element). The links were
connecting the tips of the beams to the laboratory strong
floor. The pin boundary condition was simulated by means
of a hinge at the bottom of the column. Similar to the links,
the hinge was also attached to the strong floor by the pre-
stressing force of four Dywidag bars.

A fully dynamic 1000-kN capacity actuator was
mounted on a strong concrete wall and was attached to
upper tip of the column to apply reversal cyclic loading to
simulate a seismic event. the columns were also under
constant axial load during the test by means of a hydraulic
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-9.0%

Drift Ratio

Cycles
Fig. 5 Loading scheme

jack reacting against a stiff steel beam on top of the
specimens. The stiff steel beam was connected to the strong
floor by means of two double-hinged elements to allow for
its free movement while the actuator applies reversal
loadings to the column by pivoting about the axis of the pin
in the bottom hinge.

Therefore, the line of action of the column axial load
always passed through the center of the pin of the hinge at
the bottom of the column. This was done to eliminate
secondary moments in the column due to the distance
between center of gravity of the column and the line of
action of the axial load.

2.4 Loading scheme

Fig. 5 shows the loading scheme that was used to test
the specimens in this program. The general scheme of the
loading procedure was in displacement-controlled mode and
was obtained from the ACI 374.1-05 report (ACI
Committee 374 2005).

In this program, the specimens were tested under two
loading phases. In the first phase, the specimen was tested
according to a loading scheme that simulated a severe
earthquake up to 5% drift ratio. Then the specimen was re-
loaded up to failure following the same loading scheme in
the second loading phase to study their performance in
ultimate loading state after surviving an earthquake.

Based on orientation of the specimens in the test set-up
that was used in this program, the lateral drift ratio was
defined as the ratio of column tip displacement to column
height.

The loading scheme consisted of several loading steps
gradually increasing in lateral drift ratio. Each loading step
included three identical loading cycles. After 2% drift ratio,
one load-controlled cycle with an amplitude equal to service
load was applied after each loading step. The service load
condition was defined as the load corresponding to 25% of
the ultimate strain capacity of the longitudinal GFRP bars in
the beams.

3. Test results and discussions

3.1 Lateral load-drift response

The relationship between the load at tip of the column
(actuator load) and the lateral drift ratio (hysteresis
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Fig. 6 Lateral load-drift response of test specimens during
the first loading phase

diagram) of the test specimens are shown in Figs. 6(a) and
6(b). Moreover, the column lateral load-drift response
corresponding to the exterior beam-column joint with joint

shear ratio of 1-0\/ch, previously tested by the authors
(Ghomi and El-Salakawy 2016) is shown in Fig. 6(c) for
comparison. The dashed lines in the hysteresis diagrams
show the nominal capacity of the specimens, defined as the
column lateral load that results in the maximum nominal
bending moment in the main beams.

It should be mentioned that, the test set-up used to test
Specimen Ex-1.0 was different from the set-up used to test
the specimens in the present program (Specimen Ex-1.3 and
Specimen In-1.3). Details of the test set-up used for testing
Specimen Ex-1.0 are presented elsewhere (Ghomi and El-
Salakawy 2016). However, it should be mentioned that
despite the different test set-ups, the same loading
configuration was applied to all specimens included in this
paper; therefore, the results are comparable.
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Fig. 7 Residual displacement of tip of columns during the
first loading phase

Comparing the hysteresis diagram of interior and
exterior specimens indicates asymmetric behavior of the
exterior beam-column joints compared to the interior one.
Specimen In-1.3 showed very similar behavior in both
negative and positive direction. This is evident by the fact
that the specimen reached its nominal capacity at 5% drift
ratio in both positive and negative direction.

The exterior specimens (Ex-1.0 and Ex-1.3), on the
other hand, showed slightly higher stiffness during loading
in the positive direction than the negative direction. The
specimens reached their nominal capacity at 4% and 5%
drift ratios in positive and negative directions, respectively.
This could be due to asymmetric geometry of the exterior
beam-column joints. As shown in Fig. 1, centerline of the
lateral beams in the exterior beam-column joints does not
coincide with center point of the joint as the lateral beams
are flush with the backside of the column and topside of the
main beam. With this configuration, Point A is confined by
lateral beams, while there was no confinement at Point B
(Fig. 1). Therefore, the concrete near Point A provided
higher compressive resistance compared to the concrete
near Point B. Consequently, the test specimens showed
higher lateral load carrying capacity when the column was
pushed toward the positive direction (Point A in
compression) and lower capacity when the columns were
pulled toward the negative direction (Point B in
compression). The interior specimen; however, due to
symmetrical geometry with respect to centerline of the
column, exhibited similar behavior in both positive and
negative direction.

By reaching its maximum bending capacity, the main
beam in Specimen Ex-1.3 exerted a joint shear stress of

1.3\/f'. (as shown in Table 1). Therefore, it can be

concluded that GFRP-RC exterior beam-column joints with
the geometrical configuration tested in this program are able

to withstand joint shear stress of 1.3\/E.

All specimens were able to reach their nominal capacity
prior to 5% drift ratio without exhibiting significant
concrete damage. However, the magnitude of observed
residual displacement varied among the specimens. Fig. 7
shows residual displacement of the specimens at tip of the



318 Shervin K. Ghomi and Ehab El-Salakawy

(S
o

Lateral Load (kN)

N
ol
o

-250

-9% -6% -3% 0% 3% 6% 9%
Drift Ratio

(a) Specimen Ex-1.3

N
(o)
o

Nominal Capacity |

=
[8)]
o

\

A,

“
A

[8)]
o

Lateral Load (kN)
o)
o
N W
\

N
()]
o

R
a1l
o

-9% -6% -3% 0% 3% 6% 9%
Drift Ratio

(b) Specimen In-1.3

Fig. 8 Lateral load-drift response of test specimens during
the second loading phase

columns after each loading step during the first loading
phase. The residual displacement was measured at the point
of zero lateral load.

As indicated in Fig. 7, the increase in joint shear stress
of exterior beam-column joints increased the magnitude of
residual damage. This is due to higher concrete damage
induced to the joint area because of higher joint shear
stresses. This can be also observed in the hysteresis
diagrams by wider loops in response of Specimen Ex-1.3
compared to that of Specimen Ex-1.0.

In general, Specimen In-1.3 showed slightly more
residual deformation compared to Specimen Ex-1.3, with
the same level of joint shear stress. That could be attributed
to the fact that Specimen In-1.3 contained more concrete
volume compared to Specimen Ex-1.3, which resulted in
more areas that inelastic deformation due to concrete
damage (cracks) occurred.

As mentioned earlier, the beam-column joints in the
current program were tested under a two-phase loading
scheme. Fig. 8 shows hysteresis diagram of Specimens In-
1.3 and Ex-1.3 during the second loading phase. The
hysteresis loops of the last loading step (failure) is shown
with dashed lines in Fig. 8.

As expected, the specimens showed linear behavior up
to 5% drift ratio during the second loading phase. Specimen
Ex-1.3 and In-1.3 reached their maximum lateral load
during the second loading phase at 6% and 5% lateral drift
ratio, respectively. Both specimens exhibited gradual
decrease in lateral load carrying capacity after reaching the
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Fig. 9 Lateral load envelope of test specimens during the
first and the second loading phase

maximum lateral load during the second loading phase until
the failure was observed in the specimens (8% and 7% in
Specimen Ex-1.3 and In-1.3, respectively).

According to ACI 374.1-05 (ACI 2005), the failure was
defined as the stage at which the lateral load carrying
capacity of the specimens decreased less than 75% of the
maximum lateral load.

Fig. 9 compares lateral load envelopes of Specimens In-
1.3 and Ex-1.3 during the first and the second loading
phase. The linear behavior of the specimens during the
second loading phase up to 5% drift ratio is indicated by a
straight line connecting the origin to the maximum lateral
load that the specimens obtained during the third cycle of
the 5% drift ratio-loading step in the first loading phase.

Specimen Ex-1.3 was able to reach its nominal capacity
during the second loading phase while Specimen In-1.3
with the same magnitude of joint shear stress only reached
85% and 89% of the nominal capacity in positive and
negative direction during the second loading phase,
respectively. However, this observation was opposite to
what was expected. In general, the interior beam-column
joint was expected to exhibit less loss in lateral load
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(a) Specimen Ex-1.3

-~

(b) Specimen In-1.3

Fig. 10 Condition of test specimens at the end of the first loading phase

(b) Specimen In-1.3

Fig. 11 Condition of test specimens at failure

carrying capacity compared to the exterior beam-column
joint because of more confinement provided to the joint
area from the main beams on each side of the joint.
However, the authors believe the main reason for the
better performance of Specimen Ex-1.3 compared to
Specimen In-1.3 during the second loading phase is the
more confinement in the main beams provided by the
longitudinal reinforcement. As shown in Fig. 3, the main
beam in Specimen Ex-1.3 were heavily reinforced with two
layers of 25M bars, while the beams in Specimen In-1.3

were only reinforced with one layer of reinforcement. Thus,
less confinement was provided to the concrete core in the
main beams of Specimen In-1.3. This resulted in more
concrete damage in the main beams, which led to more loss
in the lateral load carrying capacity in Specimen In-1.3
compared to Specimen Ex-1.3.

3.2 Mode of failure

Fig. 10 shows the condition of the test specimens at the
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Fig. 13 The maximum strains in longitudinal bars of beams

end of the first loading phase (5% drift ratio). As shown in
the figure, in both specimens, concrete damage was only
limited to concrete cover spalling in the main beam adjacent
to the column. Since the GFRP-RC beam-column joints
were designed as over-reinforced sections (failure occurs
due to crushing of concrete), the concrete cover spalling
observed in the beams was indicating that maximum
bending moment capacity of the beam section was reached.

Fig. 11 shows condition of Specimens In-1.3 and Ex-1.3
at failure during the second loading phase. As shown in the
pictures, Specimen Ex-1.3 exhibited severe concrete
damage in the joint area, while the joint in Specimen In-1.3
with the same amount of joint shear stress remained intact.
This was due to the additional confinement provided to the
joint area by the main beams on the opposite sides of the
joint in the interior specimen, which increased concrete
strength in the joint area and reduced the damage.

However, as shown in the hysteresis diagrams of
specimens, both specimens failed due to gradual decrease in
lateral load carrying capacity without exhibiting any brittle
failure or sudden rupture of the GFRP reinforcement. This
was due to the significant reserve of strain in the
longitudinal bars of the main beams (difference between
measured strain and strain capacity). The authors concluded
that providing this methodology in designing GFRP-RC
sections can prevent brittle failure of GFRP-RC moment-
resisting frames during an earthquake.

3.3 Strain-drift response

The specimens were well instrumented with electrical
strain gauges installed on the internal GFRP reinforcement
in various locations including 6 gauges on transverse
reinforcement (stirrups) in the joint area. Fig. 12 shows the
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maximum strain obtained from those strain gauges at each
drift ratio.

Although both Specimens Ex-1.3 and In-1.3 were
designed with the same maximum joint shear stress, it can
be seen from the graphs in Fig. 12 that the maximum
measured strain in the joint stirrups of Specimen In-1.3
were significantly lower than those in Specimen Ex-1.3.
This indicates more concrete damage in the joint of
Specimen Ex-1.3 due to less confinement (as explained
earlier), which increased shear stresses in the joint stirrups.

The solid horizontal lines in the graphs of Fig. 12
indicate the maximum allowable strain in FRP stirrups
according to CSA/S806-12 (CSA 2017). As shown in the
graphs, this limit was not exceeded in any of the specimens
except at 7% drift
ratio (failure) in Specimen Ex-1.3. As shown in Fig. 11,
Specimen Ex-1.3 exhibited significant concrete damage in
the joint area, which resulted in excessive stresses in the
joint stirrups. However, it should be mentioned that 7% drift
ratio is beyond the expected drift ratios of buildings during
an earthquake. National Building Code of Canada (NRCC
2015) requires limiting the maximum lateral drift ratio of
buildings to 2.5%. Therefore, it can be assumed that the
maximum strain in joint stirrups will not exceed the limit
set by CSA/S806-12 (CSA 2017) during the expected
response range of GFRP-RC buildings to earthquakes.

Fig. 13 shows the maximum strain observed in the
longitudinal bars of the main beams at the column face.
Strains recorded from Specimen In-1.3 were significantly
higher than those recorded from Specimen Ex-1.3. This was
due to the higher reinforcement ratio in Specimen Ex-1.3
than Specimen In-1.3. The effect of reinforcement ratio on
the maximum expected strain in the longitudinal bars of the
main beams will be discussed in the following section. As
shown in Table 1, the reinforcement ratio of Specimens In-
1.3 was lower than that of Specimen Ex-1.3 (0.57% and
3.05%, respectively).

3.4 Effect of reinforcement ratio on maximum tensile
strain in longitudinal bars

The maximum expected strain in longitudinal bars of a
given GFRP-RC section has direct relationship with the
reinforcement ratio. As explained earlier, it is desirable to
maintain a margin between the maximum expected tensile
strain in GFRP longitudinal reinforcement and their
maximum tensile strain capacity.

The effect of reinforcement ratio on the maximum bar
strain in an arbitrary section (shown as a thumbnail) is
illustrated in Fig. 14. In the schematic drawing of the
arbitrary section, A, is the area of tensile reinforcement. The
same reinforcement properties as those of Specimen Ex-1.3
and In-1.3 were used in producing Fig. 14. According to
CSA/S806-12 (CSA 2017), GFRP-RC beams should be
designed as over-reinforced sections with provided
reinforcement ratios more than the balanced ones (the
reinforcement ratio corresponding to simultaneous
compressive failure of outer most concrete fiber and tensile
failure of outer most reinforcement layer).

It should be mentioned that the values in Fig. 14 were
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Fig. 14 Effect of reinforcement ratio on maximum strain in
longitudinal bars

calculated as strains in longitudinal bars when the strain at
the outermost fiber of the concrete reaches 3,500 micro-
strain, the ultimate compressive strain of concrete according
to CSA/A.23-14 (CSA 2014). However, as discussed
earlier, the concrete section may continue its lateral load
carrying further after this stage and exhibit higher strains in
the longitudinal reinforcement due to confinement of the
concrete core. The effect of such over-strength is not
included in Fig. 14.

The balanced reinforcement ratio for the cross-section
under consideration (Fig. 14) was calculated as 0.41% and
0.36% for reinforcement properties corresponding to
Specimens Ex-1.3 and In-1.3, respectively. Therefore,
reinforcement ratios lower than that limit resulted in failure
of the section due to bar rupture. This is shown in Fig. 14 as
a straight line with value of 19,850 micro-strain and 18,900
micro-strain for Specimen Ex-1.3 and In-1.3, respectively.

As shown earlier in Fig. 13, Specimen Ex-1.3 and In-1.3
had a reserve of 60% and 40% of their ultimate tensile
strain capacity compared to the maximum measured tensile
strain in the bars and no bar rupture was observed.
Therefore, it was concluded that a margin of 40% of the
ultimate tensile strain capacity between the maximum
expected tensile strain of the longitudinal bars and their
ultimate strain capacity may be sufficient to prevent brittle
failure of GFRP bars in beams. Therefore, a threshold of
60% of the ultimate tensile strain capacity for GFRP bars is
suggested to be maintained when designing GFRP-RC
beam-column joints in seismic regions.

To provide 60% threshold in the arbitrary section under
consideration (Fig. 14), reinforcement ratios more than
1.05% and 0.91% should be provided in the section with the
reinforcement properties of Specimen Ex-1.3 and In-1.3,
respectively. These reinforcement ratios are approximately
2.5 times more than the balanced reinforcement ratio that is
required by CSA/S806-12 (CSA 2017) (0.41% and 0.36%
for Specimen Ex-1.3 and In-1.3, respectively). The same
methodology can be used by designers to reduce the risk of
brittle failure of GFRP-RC elements during an earthquake
event.
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3.5 Effect of secondary moments

As mentioned earlier, the test set-up used in this
program eliminated the effect of secondary moments on the
behavior of the specimens. However, secondary moments
induced to columns due to lateral movement of frames can
significantly increase the magnitude of moments applied to
the columns. This can result in premature failure of the
columns and collapse of the moment-resisting frames
during an earthquake.

To take into account the effect of secondary moments on
the test specimens, the additional moment applied to the
columns due to lateral displacements were calculated based
on the free-body diagram shown in Fig. 15. Total bending
moment applied to the columns at Point 1, if the line of
action of the axial load applied to the columns were kept
vertical during the test (which is the case in a real structure
during an earthquake), is calculated as

Fy X 1.+ Fyx A (1)

Where F; is the lateral load applied by the actuator to
the upper tip of the column, [. is the distance between the
upper face of the main beams and the centre-line of the
actuator, F, is the axial load applied to the column and A
is the lateral displacement of the column with respect to the
joint.

Fig. 16 compares the maximum bending moments in
columns (at top of the joint area, Point 1) of the specimens
at each drift ratio with and without considering the
secondary bending moments.

As shown in the graphs, including the effect of
secondary moments significantly increases the moment
applied to the columns at higher drift ratios (19 and 18% at
5% drift ratio in Specimen Ex-1.3 and In-1.3, respectively).
Even though none of the test specimens exceeded the
bending moment capacity of the columns up to 5% drift
ratio (the first loading phase) in the experiment, the graphs
indicate that including the effect of secondary moments
would result in the column capacities to be exceeded at 4%
drift ratio. This could result in premature failure of the
moment-resisting frames during an earthquake. Therefore,
in this case, the lateral drift ratio of the frame should be
limited to 4% drift ratio.

It should be mentioned that the graphs in Fig. 16 were
developed based on the axial load applied to the specimen
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Fig. 16 Effect of secondary moments on bending moments of
columns

during testing. The magnitude of axial loads on columns
could vary based on their location in the building and level
of service load. However, the same procedure can be
followed to obtain an appropriate limit for the lateral drift
ratio of a moment-resisting frame.

3.6 Energy dissipation and magnitude of damage

The amount of energy dissipated by the specimen during
a specific loading cycle was calculated as the area enclosed
by loops corresponding to that loading cycle in the lateral
load-displacement diagram. Fig. 17 compares the
cumulative energy dissipation of the test specimens.

As shown in Fig. 17, both specimens showed very
similar behavior in terms of energy dissipation during the
first and the second loading phases. Comparing the graphs
indicates that the interior specimen (In-1.3) showed higher
energy dissipation compared to the exterior one (Ex-1.3).
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Fig. 17 Cumulative energy dissipation of test specimens

This was expected due to the more residual damage in the
interior specimen compared to the exterior one, as discussed
earlier. The larger amount of concrete in Specimen In-1.3
increases the area of damaged concrete (crushed or
cracked). Since GFRP bars do not yield, the main source of
energy dissipation in GFRP-RC frames is limited to
concrete damage and slippage of the reinforcement.
Previously, the magnitude of residual deformation was
introduced as an indication of the damage level in the test
specimens. However, it seems appropriate to adapt a
quantitative measurement in terms of damage index to
compare the performance of GFRP-RC beam-column joints
in terms of magnitude of damage. Park and Ang (1985)
have introduced a damage index defined as the linear
summation of the damage caused by excessive deformation
and the damage caused by repeated cyclic loading effect

6Mx .8

D 5, + Qy-6ude 2)
where, 8y, is the maximum deformation under earthquake
loading; 6, is the ultimate deflection under monotonic
loading; @, is calculated yield strength; dE is
incremental absorbed hysteric energy and S is a model
parameter.

However, due to the linear-elastic nature of GFRP
materials, the ductility factor (defined as the ratio of the
ultimate deflection over the deflection at design capacity)
for GFRP-RC elements is generally lower than their steel-
RC counterparts. Therefore, the expression in the damage
index corresponding to the excessive damage may not
properly reflect the behavior of GFRP-RC beam-column
joints.

Since the energy dissipation of GFRP-RC beam-
columns are dominantly governed by the magnitude of
concrete damage, the authors propose a modified damage
index only related to the cumulative energy dissipation of
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Fig. 18 Damage index-drift ratio

GFRP-RC beam-column joints as follows:

B f

Dm Qd-é‘us & (3)
where, &, is the ultimate deflection from reversal cyclic
loading tests; Q4 is calculated nominal strength; dE is
incremental absorbed hysteric energy and f3,, is a model
parameter. The corresponding value of f,, for each
specimen is calculated by setting D,, equal to 1.0 at failure
(0.151 and 0.175 for Specimen EX-1.3 and In-13,
respectively).

Fig. 18 compares the calculated damage index for test
specimens during the first loading phase. As expected,
Specimen In-1.3 constantly exhibited higher damage index
compared to Specimen Ex-1.3.

3.7 Performance under service loading

To measure performance of the specimens under service
loading after withstanding severe lateral displacements, one
load-controlled cycle with an amplitude equal to service
load was applied after each loading step passed the 2% drift
ratio. Generally, service loads in the beams are applied in
gravity direction in real structures while the test set-up used
in this program only allowed the application of lateral
displacements to the upper tip of the column. Therefore, in
order to apply service bending moments to the main beams
in the test specimens, service loading condition was
calculated as the corresponding lateral load at the tip of the
column that exerts bending moments equal to service
condition into the main beams.

Fig. 19(a) shows the maximum column tip displacement
at each of the service loading cycles as a ratio of the column
tip displacement when the service load condition was
reached for the first time (2% and 0.8% drift ratios in
Specimens Ex-1.3 and In-1.3, respectively). The
performance of Specimen Ex-1.0 is also included in the
graphs for comparison. According to the graph (Fig. 19(a)),
the performance of the specimens under service loadings
shows direct relationship to the reinforcement ratio of the
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Fig. 19 Performance of test specimens during service load stage

main beams. The higher the reinforcement ratio, the lower
the increase in the lateral displacement ratio during service
loading cycles.

The lateral stiffness of the specimens during each
service loading cycle is illustrated in Fig. 19(b) as a ratio of
the lateral stiffness of the specimens during the first cyclic
loading step (0.8% drift ratio). The lateral stiffness was
calculated as the slope of the straight line connecting the
maximum positive and negative points in the hysteresis
diagram during the service loading cycles. Comparing the
behavior of Specimens Ex-1.0 and Ex-1.3 illustrates that the
increase in shear stress ratio increases the stiffness
degradation of beam-column joints. This is due to the
higher concrete damage in the joint area because of higher
joint shear stresses.

Moreover, comparing the interior and the exterior
specimens with equal joint shear stress ratios (Ex-1.3 and
In-1.3) indicates that the interior beam-column joints
exhibit lower stiffness degradation compared to their
exterior counterparts. This is attributed to the better
confinement provided to the joint area by the main beams in
interior beam-column joints compared to the exterior ones.

4. Conclusions

Based on the results obtained from the test specimens,
the following conclusions can be made:

* The exterior beam-column joint (Ex-1.3) was able to

reach its maximum nominal lateral load capacity

resulting in joint shear stress of 1.3./f".. Therefore, it is
concluded that exterior GFRP-RC beam-column joints
with lateral beams can withstand joint shear stress ratios
of 1.3.

* Both test specimens (In-1.3 and Ex-1.3) were able to
reach their nominal capacity during the first loading
phase (up to 5% drift ratio) without exhibiting
significant concrete damage. Therefore, it is concluded
that GFRP-RC moment-resisting frames can withstand
significant lateral deformations and still maintain their
original condition up to an acceptable level. This

characteristic can significantly reduce the repair costs of
moment-resisting frames after an earthquake event.

* During the second loading phase, both test specimens
showed linear behavior up to 5% lateral drift ratios. The
exterior beam-column joint (Ex-1.3) was able to reach
the nominal capacity for the second time during the
second loading phase while the interior specimen with
the same magnitude of joint shear stress (In-1.3) was not
able to reach its nominal capacity. This was attributed to
the effect of longitudinal reinforcement in the main
beams on the confinement of concrete core, which
improved the performance of Specimen Ex-1.3.

* Both test specimens failed due to gradual decrease in
lateral load carrying capacity (more than 25%) without
brittle failure or sudden rapture of the GFRP bars.
Therefore, it is concluded that GFRP-RC beam-column
joints can be designed to prevent sudden and
catastrophic failure.

* At failure, significant damage was observed in the joint
area of the exterior specimen (Ex-1.3), while the
concrete damage in the interior specimen (In-1.3) was
concentrated in the beam area in the vicinity of the joint.
This was attributed to the better confinement provided
to the joint area in the interior specimen by the main
beams, which increased the shear capacity of the joint.

* The maximum strain measured in the joint stirrups did
not exceed the limit suggested by the CSA/S806-12
(CSA 2017) up to 5% drift ratio during both loading
phases. This indicates that the amount of lateral
reinforcement suggested by CSA/S806-12 (CSA 2017)
for confinement of columns in seismic regions is

sufficient to withstand a joint shear stress of 1.3,/f, in
exterior and interior GFRP-RC beam-column joints.

* Test results showed that the longitudinal reinforcement
ratio of the main beams had a significant effect on the
maximum strain observed in the longitudinal bars
during an earthquake. This should be taken into account
to prevent rupture of the longitudinal bars by providing
sufficient margin between the maximum expected strain
in the bars and their tensile strain capacity.

+ Test results indicated that the secondary moments,
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calculated considering the column load remains vertical,
resulted in a 19 and 18% increase in the bending
moment in columns of Specimens Ex-1.3 and In-1.3,
respectively, at 5% drift ratio.

* Measured cumulative energy dissipation of the test
specimens indicated that interior beam-column joints
dissipate more energy than their exterior beam-column
counterparts with equal magnitude of joint shear stress.
This is attributed to the fact that, compared to exterior
ones, interior beam-column joints have more concrete,
which increases the area of damage concrete (cracked or
crushed) that represents the main source of energy
dissipation in GFRP-RC beam-column joints.

* Investigating the performance of the test specimens
under service loading condition indicated that the
reinforcement ratio of the main beams have significant
effect on the performance of the specimens in terms of
deformations under service loads. Higher reinforcement
ratios resulted in less deformation increase under service
loads after undertaking seismic loading cycles.
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