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Abstract
Glass Fiber Reinforced Polymer (GFRP) I-beam-column adhesively bonded connections are tested

under combined bending and shear. The special feature of the novel connection is the wrapping of
the seat angles at the connection by a carbon fiber reinforced polymer (CFRP) fabric wrap.

The wrap is primarily intended to alter the connection failure mode from brittle to pseudo-ductile,
thus providing adequate warning of impending failure. Four moment resisting connection
configurations are tested, including the reference configuration without the wrap. It is observed that
the connection failure is initiated by the fracture of the adhesive, but the provision of the wrap,
together with a steel seat angle, alters the failure mode from brittle to pseudo-ductile. The post-peak
load deformation is achieved without a large drop in the resistance of the connection. On other
hand, the connection with the wrapping and a GFRP seat angle can also change the failure mode to
pseudo-ductile, but it could not be done without a large reduction in the connection resistance after
the peak load.

Keywords: Pseudo-ductility, Failure, Adhesive Connections, GFRP, Carbon Wrap, Mechanical
Testing

Introduction
Pultruded Glass Fibre Reinforced Polymer (GFRP) profiles are used in construction thanks to their

well-known properties such as lightness, high resistance to aggressive chemicals, superior fatigue
life and electromagnetic neutrality [1-3]. Typical structures constructed from GFRP include
footbridges and industrial buildings while more recent applications involve low-rise residential
buildings and temporary structures built for emergency situations. Research has demonstrated
possible solutions for mitigating some of the structural problems many emanating from the high
deformability of GFRP [4,5] and its negligible plastic capacity [6,7]. Nevertheless, GFRP profiles
are not customarily used for building frames due to lack of confidence in the structural performance
of frame beam-to column connection.

As currently available GFRP pultruded profiles mimic similar steel sections, most of the research
carried out so far on GFRP beam-column connections is focused on adapting the design and
construction methods for similar connections in steel structures. For example, Bank and Mosallam
[8,9] investigated the performance of GFRP beam-column connections using bolts, web clips and
pultruded seat angles between the flanges of the column and the beam. Subsequently, in order to
avoid the failure mode initiated by the separation of the column web from the facing flange,
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additional angles were used between the web and the flange of the column to strengthen the
connection region. In a third junction configuration, GFRP stiffeners were used in both the beam
and the column in the neighbourhood of the connection to avoid local compression failure of the
flanges.

Based on their test results, they concluded that the design of beam-column connections in pultruded
FRP members require careful consideration and it is not appropriate to build FRP frame connections
in the same way as steel frame connections. Consequently, Mosallam et al. in [10,11] developed a
built-up GFRP connecting element, termed “universal connector”, which was designed to be bolted
to the beam flanges and the adjacent column flange. They demonstrated the good performance of
this connector as they reported a nearly threefold increase in the connection strength compared to
the standard seat angle connector.

Subsequently, Bank et al. [12] modified the universal connector by wrapping-a GFRP sheet around
the angle, rendering it akin to a hollow wedge. The modified wedge-shaped element yielded the best
combination of strength, stiffness and failure mode among all the connection types up to that time.
In 1998, Smith et al. [13] investigated the connection of FRP hollow structural members and
indicated that due to the reduced sensitivity of closed sections to distortions, hollow beam
connections perform much better than similar I-beam connections. The beam-column connections
tested by Smith et al. were similar to the ones tested by Bank and Mosallam, except steel bolts were
used instead of GFRP bolts, and in one case, the GFRP seat angles were replaced by steel angles.

In 1999, Smith et al. [14] presented the findings of an experimental investigation demonstrating the
performance of their proposed new T-shape monolithic connector, termed “cuff”. The element was
used to connect GFRP box beams and columns and led to substantial increases in joint stiffness
(90%) and strength (330%), compared to the earlier typical seat angle connections used to join
GFRP I-beams and columns. The concept behind the cuff connection is that the beam and column
can be inserted inside the cuff, ideally requiring only epoxy adhesive to keep them in place, albeit
Smith et al. used both steel bolts and epoxy adhesive to attach the members to the cuff.

In the same years, Mottram et al. [15,1611-12] conducted an experimental investigation on an inner
beam-column connection, involving two cantilever beams connected to a central column, with the
aim of studying the behavior of web-cleated and flange-cleated beam-to-column connections. Both
the beams and the column were made of GFRP I-profiles and the connection was made using
GFRP seat angles and steel bolts. As a follow up to the latter two studies, Qureshi et al. in [17-19]
investigated the effect of the number and location of required steel or GFRP bolts on the connection
performance. They concluded that in the connections involving steel cleats failure is initiated by the
general failure of the column while in those involving GFRP cleats, it is induced by local
delamination in the column flange above the cleats.

Recently, Zhang et al. [20] and Wu et al. [21] investigated a new bonded sleeve connection suitable
for connecting hollow GFRP profiles to steel members. The GFRP beam was fastened to the steel
column by steel bolts. They concluded that the end plate thickness is the most influential parameter
insofar as the initial stiffness and the bending capacity of the bonded sleeve are concerned.

Martins et al. [22] developed an innovative beam-to-column bolted connection system for GFRP
tubes, comprising purpose-built steel connection elements to be inserted into the GFRP hollow
sections. Four different bolt configurations were tested, including the number and distance of the
bolts from the connected beam end. They included (i) one bolt per web, (ii) two bolts per flange and
short end distance, (iii) four bolts per flange, (iv) two bolts per flange and a longer end distance.
They concluded that the maximum rotational stiffness was provided by the configuration (iii) and



the maximum failure load by configuration (iv).

All the abovementioned investigations focused on bolted connections using steel bolts alone or steel
bolts combined with epoxy adhesive. In an earlier investigation, [23], the authors experimentally
investigated for the first time the behavior of full-scale bolt-free GFRP epoxy bonded beam-to-
column moment resisting connections under static load. Both the beam and the column had I-profile
with dimensions of 200x100x10 mm. Four beam-to column connection prototypes were tested. In
all cases, the beam flanges and web were epoxy bonded to the column compression flange by
50x50x6 mm seat angles, with 100 mm length in the case of angles connectingthe beam and
column flanges and 170 mm when connection beam web to column flange.The test parameters
considered were the location of the connection with respect to the free end of the column and the
column strengthening method (Figure 1).

The connections are designated as BTCJ_fc, BTCJ fcr, BTCJ_fcm and BTCJ_fcmr, where BTCJ
stands for Beam-to-Column Junction, fc for flange connection, the letters m and r for middle and
reinforced, respectively.
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Figure 1. Details of the beam-column connections tested: a) BTCj_fc, b) BTCj_fcr, ¢) BTCj_fcm and d) BTCj_fcmr.

As shown in Figure 1b and 1d, to avoid premature failure of the column, in two cases the column
was strengthened in the connection region with adhesively bonded pultruded GFRP strips (45x10
mm, 170 long) and angles (50x50x6 mm, 350 mm long). The results showed that the tested
connections possessed strength comparable to the corresponding bolted connections, irrespective of
whether steel or GFRP bolts are used. The connections involving seat angles and column stiffeners
achieved nearly the same percentage of the GFRP profile ultimate moment capacity as achieved by
the best performing bolted connections previously tested by others.

Based on the results of the latter tests, and considering connection strength as the governing design
criterion, the prohibition in the current guidelines against the use of adhesive beam-column
connections in GFRP frame structures does not seem justified. However, a key disadvantage of the
adhesive connection seems to be its brittle failure mode initiated by the failure of the adhesive layer,
which may render it less desirable in building structures. Its other disadvantages include, limited
deformation capacity (undesirable for earthquake resistance) and its loss of strength and stiffness at
elevated temperatures, characteristics that are particularly relevant to ambient-cured adhesives.

To overcome the first drawback of adhesive connections, in the current investigation the authors’
previously proposed connection [23] is modified with the aim of changing its failure mode from



brittle to pseudo-ductile. The modification involves wrapping the connection at specific locations
with a carbon fiber fabric using epoxy resin and the wet lay-up technique. Laboratory tests are
carried out to demonstrate the efficacy of the proposed modification. Simultaneously, finite element
analyses are conducted to predict crack initiation and propagation within the adhesive layers in the
connection and to investigate whether the observed pseudo-ductile response can be numerically
predicted. The experimental and corresponding numerical results are compared and discussed.

Experimental Program
Material characterization tests
Prior to testing the modified connection, the basic mechanical properties of all GERP elements used

in the experiments were determined by means of small-scale coupon tests. Specifically, the apparent
interlaminar shear strength 1y, was determined according to the EN ISO 14130:1997 [24]
procedures. The in-plane compressive properties, namely, the elastic modulus, E;, and the
compressive strength, ocv, In both the longitudinal, or pultrusion,‘and the transverse direction were
determined according to the EN 1SO 14126:1999 [25]. Similarly, the GFRP tensile modulus, E;, and
strength, oy, in both the longitudinal and transverse directions were determined according to EN
ISO 527-4:1999 [26]. To obtain the relevant GFRP properties in the transverse direction, the
producer of the GFRP profiles used in this experimental program, supplied for testing purpose
500mmx500mmx10mm GFRP plates, with nominally identical composition and manufacturing
technique as the tested GFRP profiles. The results of the foregoing tests are reported in Table 1. As
expected, the GFRP exhibited a transversally isotropic behaviour with higher strength and stiffness
in the pultrusion direction. The lower values in the transverse direction may be explained by the
relatively low fiber volume in this direction, with the fibers contributed by the GFRP mat used to
facilitate fabrication of the profiles.

Beam-to-column connection test specimens
As stated earlier, in the current investigation, the best performing connection among the ones

previously reported by the authors [23] (Figure 2a) was modified by using a carbon fiber fabric
impregnated with an epoxy resin. Specimens thus wrapped will be denoted as CFRP wrapped. The
tensile elastic modulus and strength of the unidirectional CFRP composite wrap, as reported by the
manufacturer, are 220 GPa and 3200 MPa, respectively. With reference to Figures 2b to 2d, three
different strengthening methods were investigated.
The modified connections are designated as BTCj_fcrw, BTCj_fcrww, and BTCjs_fcrww, where:
- BTC;j stands for beam-to-column junction;
- fer for reinforced flange connection (the reinforcement consists of angles bonded to
web/flange connection of the column)
- w and ww for carbon fabric wrapping around the column and around both the column and
the beam, respectively.
- the letter s stands for steel angles.

Each wrapping comprised four layers of carbon fabric: the first strengthening method (BTCj_fcrw)
involved wrapping of the column in the tensile zone of the connection, i.e. above the top flange of
the beam (Figure 2b); the second method (BTCj_fcrww) involved wrapping of the column above
the beam top flange, beam cross-section in the vicinity of the connection as well as the upper seat
angle, forming a closed section (Figure 2c); the third method (BTCjs_fcrw) was similar to the



second one, except the upper and bottom GFRP seat angles (50x50x6) were replaced by 50x100x7
mm steel angles.
BTCj_fcr BTCj_fcrw BTCj_fcrww BTCjs_fcrww

GFRP Angle
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Figure 2. Details of the beam-column connections tested: a) BTCj_fcr, b) BTCj_fcrw, ¢) BTCj_fcrww and
d) BTCjs_fcrww.

The key parameters of the test were the wrap location and the type of seat angles. In total, eight full
scale specimens were identically tested (two per each type). As illustrated in Figures 2, unlike the
1000 mm long beam and columns used to make the test specimens in [23], in the current tests the
length of the column and the beam were reduced to 500 mm to avoid potential failure outside the
connection region.

Table 1. Mechanical properties of GFRP material tested.

Test Method Property Average + Std. dev. Unit
Interlaminar shear EN ISO 14130:1997 Ty 34+1.2 MPa
E . 19084 + 330.58 MPa
O 11 228 +20.08 MPa
Compression EN ISO 14126:1999
E. 8500 £ 121.95 MPa
Oom 22 65 + 4.55 MPa
En 36467 + 1114.57 MPa
O 11 370+ 1.31 MPa
E.2 10569 + 1679.47 MPa
Tension EN 1SO 527-4:1999
O 2 61+20.31 MPa
Upom 11 0.23+0.015 [-]
Uiom 22 0.09 +0.019 [-]

11: pultrusion direction; 22: transverse direction.

For the sake of simplicity, the geometry of all GFRP elements used to realize the beam-to-column
specimens of Figure 2 are summarized in Table 2.

Table 2. Geometry of all GFRP elements used.

Shape Cross Section Length
Profile Dimensions
[-] [mm x mm x mm] [mm]
I 200 x 100 x 10 500.0
L 50 x 50 x 6 100.0
L 50 x50 x 6 170.0
L 50 x 50 x 6 350.0




Plate (strip) 45x 10 170.0

The SikaDur 30 epoxy used for bonding the wrapping was the same as the one used by the writers
in their previous investigation [23]. It was cured for seven days at temperature ranging between 10
and 15 °C. This temperature range is within the allowable curing temperature specified by the epoxy
producer, but lower than the 22-28 °C used by the writers in their previous investigation. After full
curing, the epoxy’s tensile and shear strengths are specified as 24 and 14MPa, respectively [29].

Test set-up and procedure
As shown in Figure 3a, five displacement transducers (DT1 to DT5) were used to measure each

specimen displacements at selected locations for evaluating the connection deformation and
stiffness. Transducer DT5 was placed directly below the applied loading point for the purpose of
measuring the vertical displacement of the beam near its free end while DT1 to DT4 were used to
measure

horizontal displacements at the connection, which will be used to compute the joint rotation and
stiffness.

steel sphere P

| O
T DTL

DT4! J DT2

v 1 o
[
o 1 1 DT5
ﬂ I I

(@) (b)

Figure 3. a) Instrumentation set-up, b) pultrusion direction indicated by double headed arrows.

350
I

In addition, two strain gauges were installed on the faces of the CFRP wrap parallel to the beam
axis to measure wrap strain along its fibers and to estimate the force resisted by the wrap.

The column was inserted into a 150 mm high stiff steel jacket welded to a thick steel plate that was
clamped. into the testing machine (see Figure 3a). The column fitted snugly inside the jacket and the
small gap (1 mm) between them was filled by steel shims. Hence, for all practical purposes, the
column can be considered fixed at the bottom with its unsupported length being 350 mm. With
reference to Figure 3a, the beam and column assembly was load by a point load applied near the
free end of the beam at 450 mm from the column flange connected to the beam. The load was
transferred through a 20 mm diameter sphere seated in a circular cavity inside a 50 mm diameter
plate which rested on the beam top flange (Figure 4).

The beam was loaded monotonically in displacement control at a rate of 1.0 mm /minute by means
of a steel arm clamped to the servo-controlled universal testing machine. All data were
automatically and continuously captured.
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Results and discussion
In the following, the load versus displacement curves, the moment versus rotation curves as well as

the failure mechanism of the tested specimens are presented and discussed.

Load-vertical displacement curves
The beam load-displacement curves for the three CFRP wrapped and the reference (unwrapped)

specimen are plotted in Figures 5. Note, the plotted curves show the average response of the two
replicate specimens for each connection as the difference between them was found to be relatively
small.

22.5 4
——BTCj_fcr
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20 - —BTC]j_fcrw
BTCj fcrww
17.5 - -
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— 10 -
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“:--] \
2.5 - =
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Vertical Displacement [mm]
Figure 5. Load vs displacement curves: for specimens BTCj_fcr, BTCj_fcrw, BTCj_fcrww and BTCjs_fcrww.

The curves indicate that the introduction of the wrap did not lead to a consistent or large increase in



the connection strength, but it did change its mode of failure. In particular, connection (d) in Figure
5 exhibited not only the highest strength, but also a “pseudo-ductile” behavior, unlike the brittle
failure observed in all the specimens previously tested in [23] and in the current reference specimen.
More specifically, connection (b) in Figure 5 showed a similar behaviour to the one shown by the
reference connection (a) up to the peak load (about 20 kN). This means that the CFRP wrapping
was not able to augment the adhesive strength and increase the connection capacity. On the other
hand, the recorded strains, to be shown later, revealed that the CFRP wrapping contributed to the
connection strength after the peak load, with the peak load coinciding with fracture incidence in the
adhesive layer, Figure 6b. After reaching its peak value, the load dropped drastically to 25% of its
peak value, but due to the presence of the CFRP wrapping started to increase again. As can be
observed in Figure 6d, at the end of the test (stopped before the failure) the upper seat angle was
completely distorted and the vertical leg of the angle was damaged due to compression. This
observation underlines the limited contribution to the strength by the such an angle whose fibers
were orientated along the width of the column (or of the beam) as depicted in Figure 3b.

The latter observation suggests that the upper seat angle should be strengthened by turning it into a
closed section as illustrated in Figure 2(c). Specimen (c) in Figure 5 had a lower peak load but the
load dropped less precipitously (only 16%) after its peak value. Whereas the smaller drop may be
due to “closed” seat angle, the lower maximum load may be due to the observed slip that occurred
between the seat angle and the upper flange of the beam (see Figure 7).

The final connection type tested, i.e. connection (d) in Figure 5, involved steel rather than GFRP
angles. As can be seen in the latter figure, it exhibits a pre-peak load behavior similar to the other
three types of connections. However, after reaching the peak load of about 21 kN, the load dropped
only 9% and subsequently increased and reached the original peak load, followed by another drop
of 5%; thereafter, remaining almost constant up to failure.

The smaller drop in load values and the larger deformability of the connection in the latter case may
be ascribed to the presence of the steel angles. As mentioned in the case of connection (b), the
carbon wrap was fully engaged only after the failure of the adhesive layer joining the beam and the
column as manifested by the carbon wrap strain in Figures 8a and its rupture in Figure 8b. No
distortion was observed in the steel angles, but the failure was characterized, Figure 8c, by the
complete separation of the two structural elements as well as the detachment of the GFRP mat and
pull out of fibers from the column flange.
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Figure 6. BTCj_fcrw joint: (a) load vs strain curve; (b) initial crack in the adhesive; (c) crack evolution in the adhesive
layer; (d) upper seat angle distortion.
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Figure 8. BTCjs_ferww joint: (a) load vs strain curve; (b) initial crack in the adhesive; (c) failure.

Moment-rotation curves
Two methods are used to analyse the moment-rotation behavior of the tested connections. Figure 9

illustrates the overall rotational stiffness of the beam-column assembly, which is computed by
dividing the difference of horizontal displacements measured by transducers DT1 and DT2 by the
vertical distance (275 mm) between the two measurement points. The curves exhibit an initial
seating of the specimen followed by a clearly linear behaviour. As the load is increased, slight
nonlinearity is observed due to the progressive failure of the adhesive joining the two members. For
this reason, the slope of the middle linear segment of the moment-rotation curves is considered for
comparing the stiffness of tested connections. The average rotational stiffness is computed to be 250
kN-m/rad.
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Figure 9. Moment vs rotation curves for specimens BTCj_fcr, BTCj_fcrw, BTCj_fcrww and BTCjs_fcrww.

The moment versus adhesive connections rotation is reported in Figure 10. This is computed by
considering the relative horizontal displacement measured by displacement transducers DT 1-3 and
DT 2-4 and dividing their sum by the vertical distance (275 mm) between measuring points. It is
evident that specimen BTCJs_fcrwwe is significantly stiffer than BTCJ_fcrw.
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Figure 10. Adhesive connection rotation for specimens BTCj_fcrw and BTCj_fcrww.



Design standards classify connections rigidity according to their moment-rotation behavior or
rotational stiffness. As no standards are available for adhesive connections, they may be classified
according to the classification guide provided by Eurocode 3 for steel structures [27]. The code
specifies the following categories for elastic analysis: (i) nominally pinned joints, in which no
moment is considered to be transmitted through the joint; (ii) rigid joints, in which the connections
can be assumed to be fully fixed (no rotations); and (iii) semi-rigid joints, in which the stiffness of
the connections needs to be taken into account in the analysis. The classification can be
quantitatively carried out using the criteria in Table 3. The symbols E, I and L stand for the tensile
modulus, the second moment of area and the free bending length of the beam, respectively. For the
current specimens their values are, 36467 MPa, 23.6 x 10° mm* and 900 mm, respectively. Using
the latter values, the boundaries of the rigidity classifications are 478 kN-m/rad and 23906
kN-m/rad. The adhesive joints stiffnesses, Ky, relative to the basic joint (Figure 2b) and
strengthened joint with steel angles (Figure 2d), were equal to 3000 kN-m/rad and 8000 kN-m/rad,
respectively. Therefore, the proposed bonded connections may be classified as semi-rigid. Since the
design of GFRP structures is often governed by serviceability limit state, the possibility to build
semi-rigid connections may be beneficial for the structural design. The connection that exhibited the
best performance among the ones tested by the authors (BTCjs_fcrww) had ten times higher
stiffness than the upper limit of “nominally pinned” and about three times lower than the lower limit
of “rigid” connection.

Table 3. Equations for the connection classification.
Classification Rigid Semi-Rigid Nominally pinned
Criterion Ki>25E-L/L  25E-L/L>K4>05EL/L Kai<0.5 E:l/L

Rigidity

“Pseudo-ductile”” behavior
The pseudo-ductility index was evaluated for all the tested adhesive connections using the method

used by Martins et al. [22], originally presented by lorissen and Fragiacomo [28] for nailed
connections involving a brittle material such as wood. The displacement ductility index, p, is
defined as the ratio of the displacement occurring from yielding till failure to the total displacement
at failure,

W=— (1)

where dy and d, are the yielding and failure displacements. Ductility is the characteristic of a
material undergoing plastic deformations, but since non-plastic or non-ductile materials do not
exhibit plasticity, they are characterized by a pseudo-ductility displacement index which is
calculated using Egn (1), but the yield displacement is replaced by the displacement corresponding
to the first peak load while the failure displacement is assumed equal to the displacement
corresponding to the last peak load of the load-displacement curve (just before the CFRP rupture). It
should be pointed out that pseudo-ductility is not a measure of a material plastic behavior, rather it
is an indicator of the post-peak load residual strength and concomitant deformation after significant
damage in the material, component or connection. The values of u for the current tested connections
are reported in Table 4.



Table 4. Pseudo-ductiltility index for all connections tested.

Connection dy dy i
[mm] [mm] -]
BTCj_fcr 18.0 13.0 0.00
BTCj_fcrw 29.1 13.0 0.55
BTCj_fcrww 17.6 12.54 0.29
BTCjs_fcrww 28.3 17.0 0.40

Since the control connection (BTCj_fcr) experienced a sudden failure, its failure displacement was
taken as the maximum displacement measured. Based on the results reported in Table 4, the
beneficial effect of the CFRP wrap is manifested by the over 200% increase in the magnitude of the
displacement corresponding to the first peak load the case of BTCj_fcrw connection (GFRP angles)
and more than 166% in the case of BTCj_fcrww connection (steel angles).

Numerical simulations

In order to better understand the CFRP wrap contribution to the connection strength and stiffness,
and the observed distortion of the upper angle, a non-linear finite element simulation involving
large deformations was performed using the Abaqus commercial package. All the GFRP joint
components were modeled by eight-node cube elements (C3D8) with 2.5 mm side length. Only the
thickness of angles were modeled by ight-node parallelepiped elements (3 x 2.5 mm). The meshes
details are summarized in Table 5. The used mesh was found to be the most suitable based on a
sensitivity analysis conducted to monitor the vertical displacement of the free end of the beam. The
contact between adhesive surfaces was modelled by cohesive laws, both in Mode I, while the
contact between GFRP and the steel jacket (bottom of the column) was modeled using the hard
contact formulation with no friction. The column was then considered fully fixed at the bottom. The
constitutive model adopted for the GFRP elements was transversally isotropic with the relevant
mechanical properties as reported in Table 1. Assuming a curing temperature of 15 °C, in
compliance with the producer specifications, the adhesive layer tensile and shear strengths were set
equal to 24 and 14 MPa, respectively [29]. Due to the presence of a symmetry axis, some
simplifications were made in the model (see Figure 11). The analyses were carried out using
displacement control, mimicking the experimental procedure used to test connection BTCj_fcr and
BTCj_fcrw: Figure 12 shows the normal stresses oy (along y axis) and the shear stresses ty, (in
plane xz) distributions in the reference (Figure 12a) and the strengthened connection (Figure 12b)
adhesive layer at a load level equal to 50% of each connection failure load.

Z
\
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Figure 11. Adhesive connection finite element model.




(b)

Figure 12. o, distribution: (a) BTCj_fcr connection; (b) BTCj_fcrw connection (Load level equal to 50% of the failure

load).
Table 5. GFRP element meshes.

Shape Cross Section Length Elements along Elements along Elements along Elements along
Profile Dimensions the height the width the thickness the length
[-] [mm x mm x mm] [mm] [mm] [mm] [mm] [mm]
| 200 x 100 x 10 500.0 80 40 4 200

L 50 x50 x 6 100.0 - 20 3 20
L 50 x50 x 6 170.0 - 20 3 68
L 50 x50 x 6 350.0 - 20 3 140
Plate (strip) 45 x10 170.0 - 18 4 68

The carbon fabric was not directly modeled but it was taken into account by assuming a higher
adhesive normal strength in the y-direction. This additional strength was evaluated by the load-
strain profile depicted in Figure 8a for the connection with steel angles, wherein the highest strain
was measured in the carbon wrap compared to the other test specimens. The limit stress value was
then quantified by multiplying the observed maximum strain by the Young’s modulus of the CFRP
wrap. To account for the reduction in strength of the CFRP wrap at its bent corners, the above limit
stress was multiplied by a corner efficiency factor of 0.4 as suggested by others [30,31].

The stress distributions of Figure 12 show for the two cases analyzed a concentration of stresses at
the bottom corner of the GFRP angle, corroborating the experimentally observed initial cracking
starting at this location. In order to simulate the initiation of the fracture and its propagation, the
damage initiation criterion of Maximum Nominal Stress (MAXS) was used. The stress components
considered are shown in Eg. 2 and when any component equals or exceeds its defined limit or
threshold, failure is assumed to have occurred.
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The symbols ooy, Tox, and 1oy, represent the nominal stresses limit (failure criterion) values when the
material is subjected to pure normal or shear stress in the specified directions while oy, v, and ty,
are the actual stress values in the same directions. When the damage initiation criterion is violated,
the material response changes in accordance with the chosen bilinear damage evolution law in
Mode I, as depicted in Figure 13. This type of constitutive law for adhesive joints is the most
accepted and commonly used in the literature [32-35], especially for joints involving FRP [36-38].
The fracture energy was evaluated according to literature (assuming tensile strength of 24 MPa) and
the displacement at failure equal to 0.25mm (based on previous test results [37]). The oy vs time and
Txz VS time curves, corresponding to the bottom corner of the GFRP angle (locations indicated by
the red dots in Figure 12a and 12b) are represented in Figures 14.
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Figure 13. Bilinear constitutive law in Mode I.
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Figure 14. Stress vs time graphs: (a) traction stress oy; (b) shear stress ;.

Damage initiation was precipitated by the tensile stress exceeding its 24 MPa limit while the
concomitant shear stress of 0.55 MPa was 25 times lower than its limit value of 14 MPa. These
results indicate that the present tested connections were subjected to high bending rather than shear
stresses.

Finally, the computed crack profile and the corresponding experimental profile at the connection are



shown in Figure 15 and it can be noticed that the two profiles agree well.

Conclusions
In order to avoid sudden and brittle failure of GFRP beam-column connections involving

adhesively bonded GFRP clip and seat angles, a CFRP fabric wrap was used to strengthen the
connection. The strengthened connection was tested under combined bending and shear and the
results support the following conclusions:

1) When CFRP strengthening is used, the deformation of the GFRP angles seems to be the factor
governing the connection strength.

2) The use of the CFRP wrap alters the connection failure mode from a sudden and brittle failure
to a-more desirable pseudo-ductile mode, without increases the connection strength. The latter
mode is characterized by a small reduction of the initial peak load resisted by the connection,
followed by a subsequent increase in deformation and load, reaching the initial peak load. This
characteristic provides adequate warning of impending connection failure.

3) The use of steel versus GFRP seat angles, increases the rotational stiffness of the connection.
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