Bolted and hybrid beam-column joints between I-shaped FRP profiles
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ABSTRACT: Presented are test results from five full-scale pultruded FRP beam-to-column joints subjected to
cyclic loading. The parameters include cleat position, connection method and cleat material. The joints’ behav-
iour is assessed through hysteresis moment rotation loops, accumulated dissipated energy and failure patterns.
The hybrid joints with steel cleats showed the best overall cyclic performance with accumulated dissipated
energy 75% higher than the bolted joint. The bolted joint with FRP cleats exhibited the lowest dissipated energy,
four times lower than the joint with steel cleats. The cyclic performance of web and flange cleated joint was
same as flange cleated joint. Three failure patterns were noticed, namely shear-out failure of the beam’s bolted
region (bolted joint with steel cleats), adhesive debonding followed by shear-out failure (hybrid joint with steel
cleats) and delamination cracking (bolted joint with FRP cleats).

1 INTRODUCTION

Buildings and construction produce a third of global
carbon emissions. For lower ecological impact, there
is a need to promote sustainable materials for dealing
with climate emergency (Qureshi & Mottram 2014).
Fibre reinforced polymer is such eco-friendly mate-
rial. It has superior durability, corrosion resistance,
lower ecological impact and whole life-cycle cost,
lightweight, and aesthetic possibilities. Typical appli-
cations of FRP in Civil Engineering include cooling
towers, chemical and food processing plants, railway
platforms and footbridges.

FRP composites contain carbon or glass fibres em-
bedded in a polyester or vinylester resin matrix. The
material properties in the longitudinal direction are
three times higher than transverse direction. Tensile
strength in longitudinal direction is 200-300 MPa
with elastic modulus of 20-30 GPa. Standard FRP
profiles, I, H and L, are produced through pultrusion
process (Bank 2006; Zafari et al. 2016; Qureshi et al.
2020).

Joints between FRP profiles can be bolted or adhe-
sively bonded. Bolting leads to discontinuity of fibres
and bonding is affected by environmental factors.
Combining both bolting and bonding (hybrid) allevi-
ates weaknesses of the joining methods. Hybrid joints
are effective in resisting loads in different directions

— adhesive in direct tension and bolting in transverse
direction. They provide a fail-safe mechanism against
fire, fatigue, and long-term loading (Anonymus 1999;
Kelly 2006).

Previous research is mainly focused on FRP joints
under monotonic loading only (Turvey & Cooper
1996; Mottram & Zheng 1999; Qureshi & Mottram
2013; Qureshi & Mottram 2015). Limited research
exists on cyclic response of FRP beam-column joints
(Zhang et al. 2018; Razaqpur et al. 2019; Martins,
Figueiredo S4, et al. 2019; Martins, Proenca, et al.
2019; Qiu et al. 2020; Martins et al. 2021). And that
too is related to FRP tubular joints. Only few publica-
tions (Bruneau & Walker 1994; Martins et al. 2021)
on cyclic response of joints between FRP I-shaped
profiles exist. Further research is required on cyclic
behaviour of FRP joints to assess seismic perfor-
mance of FRP structures better.

This paper aims to investigate cyclic response of
FRP joints between I-shaped sections. Five full-scale
physical tests are performed. The test parameters in-
clude cleat material (steel or FRP), position of cleats
(Flange or web cleated) and joining method (bolted
or hybrid).
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Figure 1. Test configuration: (a) Schematic diagram; (b) Photo-
graph of beam-column sub-assembly

2 TEST CONFIGURATION

Figure 1 shows a single-sided beam-to-column joint
sub-assembly test arrangement used in this study. The
joint is between a beam profile of 150x100%10 mm
pultruded FRP section and a steel column of ISWB
150x100x%17 kg/m size. The cleat (steel or FRP) size
is 50x50x6 mm leg-angles. A steel grade of Fe410
with a yield and ultimate strength of 250 MPa and 410
MPa is used for steel components. Grade 8.8 M12
threaded bolts are used.

Test labelling uses a four-letter format. First three
letters show column, beam and cleat material (‘S’ for
steel and ‘F’ for FRP). The fourth small letter indi-
cates joint configuration, either ‘¢’ for flange and web
cleated or ‘tc’ for flange cleated only. The number can
be ‘1’ for monotonic loading and ‘2’ for cyclic load-
ing. The last letter, ‘A’, is for adhesive bonding in ad-
dition to bolting (hybrid joint). Five tests under cyclic
loading are presented in this study; and companion
monotonic tests are reported in (Qureshi et al. 2020).

There are five tests: SFSc2 — bolted joint with web
and flange steel cleats; SFSc2A — companion hybrid
joint; SFStc2 — bolted joint with steel flange cleats
only; SFStc2A — companion hybrid joint and SFFc2
— bolted joint with web and flange FRP cleats. Figure
2 shows typical joint detailing for specimen SFSc2A.
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Figure 2. Typical joint detailing: Specimen SFSc2A

As there is no specific guide for joints under cyclic
loading, the joint detailing is as per Eurocomp (Clarke
1996) and IS 800 (IS 800 2007). The joints are either
bolted or ‘hybrid’ combining both bolting and bond-
ing. Adhesive bonding uses multi-purpose epoxy
resin AW 106 and hardener HV 953 U IN by Aral-
dite®. The hydraulic jack that loaded the beam had a
capacity of 500 kN with a stroke of 150 mm with a
load cell attached with a capacity of 50 kN and a res-
olution of +£0.02 kN. Two 100 mm LVDTs, with a
resolution of £0.01 mm, were used to measure dis-
placements. Another hydraulic jack, with a capacity
of 250 kN and a travel of 150 mm, was used to apply
the compressive load to the column.

Before loading the beam, a constant compression
load of 20% of the column’s axial capacity was ap-
plied to the column to hold the column in position.
This replicates the real-life situation, where columns
support gravity loads. As the failure is likely to hap-
pen in either cleats or the beam’s bolted zone, the
compressive load on steel column will not affect the
joint’s response. The beam is loaded near free end via
hanger assembly. Joint rotation was worked out from
measured displacements.

The cyclic load was applied to the end of the canti-
lever beam by controlling displacement. Different cy-
clic loading protocols for testing steel structures
(ATC-24 and SAC), wood structures (ISO and
CUREE) and non-structural elements (FEMA-461
and FM-1950) have been used in the past (Filiatrault
et al. 2018). But these protocols use yield load as the
criterion for cyclic load application. As FRPs do not
have any clear yield load, we used SAC protocol
(SAC 1997), which is based on deformation rather
than yield loading. In this paper, the inter-storey drift
angle (total rotation), defined as displacement of
loading point divided by distance between load point
and centre of the column, is used to control the load-
ing history. The cyclic loading history consists of
stepwise symmetric displacement cycles as shown in
Figure 3.
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Figure 3. Cyclic loading history as SAC (SAC 1997) protocol



3 RESULTS AND DISCUSSION

This section presents moment-rotation hysteresis
curves, accumulated dissipated energy for cyclic
performance and failure modes.

3.1 Moment-rotation hysteresis curves

Moment-rotation hysteresis curves are produced from
cyclic loading. For comparison, moment-rotation
curves from companion monotonic tests in (Qureshi
et al. 2020) are also given in Figure 4. Moment-rota-
tion hysteresis curves for each specimen under cyclic
loading are presented in Figures 5-9. These figures
also show companion monotonic moment-rotation re-
sponse and cyclic backbone or reference skeleton
curves. Backbone curves are produced by linking to-
gether peaks of full cycles. A full cycle comprises
compression and tension half cycles. In Figures 5-9,
monotonic curves are shown by dashed lines, cyclic
curves by dotted lines and backbone curves by solid
lines with markers.

The moment-rotation properties can be categorised
into initial, damage onset and maximum values. First
failure or damage onset is the point on a moment-ro-
tation curve, where either cracking causing fibre ex-
posure happened or loud cracking noise was first
heard. Apparently, it could be taken as synonymous
to a yield point in steel structures.

Figure 4 presents the moment-rotation curves from
companion monotonic tests conducted earlier by the
authors (Qureshi et al. 2020). The results showed that
hybrid joints (bonded and bolted) exhibited 60%
higher moment and stiffness than bolted only joints.
Addition of web cleat to the flange cleated joint only
enhanced stiffness without corresponding increase in
the moment capacity. Use of steel cleats instead of
FRP led to 50% increase in the moment capacity.
Generally, hybrid joints exhibited higher rotational
stiffness in moment-rotation plots than their bolted
counterparts.
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Figure 4. Moment-rotation curves for beam-column joints un-
der monotonic loading, adapted from (Qureshi et al. 2020)

Figure 5 shows the moment-rotation response for
the specimen SFSc2 (bolted joint with steel web and
flange cleats). The backbone cyclic curve remained
linear up to second loading cycle at M; of 1.4 kNm
and ¢ of 8.6 mrad. Damage started during 5™ com-
pression half cycle after 4" increment (12 mm) with
M;=2.1kNm, ¢=17.1 mrad. Maximum moment and
rotation happened at the end of 8" cycle at 5.6 kNm
and 37.1 mrad. First failure or damage onset occurred
in monotonic tests at a moment 4.6 kNm and a rota-
tion of 27.1 mrad. The damage in cyclic test happened
much earlier than monotonic tests. The maximum
properties in cyclic tests were also lower than mono-
tonic tests.

Figure 6 presents the moment-rotation behaviour
for the specimen SFSc2A (hybrid joint with steel web
and flange cleats). The backbone moment-rotation
curve remained linear until second loading cycle with
moment of M; of 2.1 kNm and ¢ of 8.6 mrad. This
time, first failure happened on the way to 5 tension
half cycle at 4™ displacement increment (12 mm) at a
moment and rotation of -5.25 kNm and -17.1 mrad.
In contrast, damage in monotonic tests happened
much later at moment (7.0 kNm) and rotation (30.0
mrad). The specimen experienced the maximum mo-
ment (9.10 kNm) and rotation (37.1 mrad) at 8 cycle.
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Figure 5. Cyclic moment-rotation hysteresis curves: SFSc2 —
bolted joint with double web and flange steel cleats
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Figure 6. Cyclic moment-rotation hysteresis curves: SFSc2A —
hybrid joint with double web and flange steel cleats
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Figure 7. Cyclic moment-rotation hysteresis curves: SFStc2 —
bolted joint with flange only steel cleats
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Figure 8. Cyclic moment-rotation hysteresis curves: SFStc2A —
hybrid joint with flange only steel cleats

The specimen SFStc2 comprised the same joint as
SFSc2, but without web cleats. It only had bolted
flange cleats and moment-rotation hysteresis loops
are given in Figure 7. The specimen had same linear
joint properties as SFSc2. The damage started at the
end of 4™ compression half cycle at moment 2.1 kNm
and rotation 17.1 mrad. The initial and damage joint
properties were the same as in the specimen SFSc2
with web and flange cleats. Addition of double web
cleats to a flange-only cleated bolted joint did not af-
fect the moment-rotation response, at least at damage
onset. It withstood a maximum moment of 4.9 kNm
with rotation of 42.9 mrad at 9'" loading cycle.

Figure 8 shows moment-rotation response of a
companion test SFStc2A to SFStc2, with adhesive
bonding in addition to bolting. The backbone mo-
ment-rotation curve remained linear up to second cy-
cle with initial moment (4.2 kNm) and rotation (8.6
mrad). First failure started during 5" compression
half cycle after 4" increment (12 mm) with M; = 6.3
kNm and ¢ = 17.1 mrad. The initial and damage stiff-
ness were far higher than corresponding monotonic
stiffnesses. The specimen had a maximum moment of
9.1 kNm with 42.9 mrad rotation at the end of 9"
loading cycle.
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Figure 9. Cyclic moment-rotation hysteresis curves: SFFc2 —
bolted joint with double web and flange FRP cleats
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Figure 10. Accumulated dissipated energy of each joint against
number of cycles

Figure 9 presents moment-rotation response for
SFFc2, the only specimen with FRP web and flange
cleats. The backbone curve showed linear moment-
rotation response until initial moment of 1.05 kNm
and rotation of 8.6 mard. Damage started at the end
of third compression half cycle, with moment reach-
ing 1.75 kNm at a rotation of 12.86 mrad. Damage in
monotonic test started far later than cyclic test at mo-
ment level of 2.8 kNm with 30 mrad rotation. The
maximum moment attained was 3.5 kNm with rota-
tion capacity of 21.43 mrad at 5™ loading cycle. This
is clearly less than 4.2 kNm moment achieved in the
monotonic test at a rotation of 42.9 mrad.

3.2 Cyclic response

The cyclic performance of each specimen is evaluated
by plotting the accumulated dissipated energy against
number of cycles in Figure 10. The dissipated energy
at each cycle is calculated as area enclosed by the mo-
ment-rotation hysteretic loop for each test. The accu-
mulated dissipated energy is cumulative sum of each
cycle. For example, 41 cycle is addition of dissipated
energy from 1% to 4™ cycles’ moment-rotation hyste-
resis curve. The hybrid joints (SFSc2A and SFStc2A)



presented the best overall performance in terms of
dissipated energy.

The final accumulated dissipated energy for speci-
men with hybrid joints, SFSc2A and SFStc2A, was
about 70% and 78% higher than bolted only speci-
mens SFSc2 and SFStc2. The energy performance of
web and flange cleated, and flange cleated joints was
almost similar. This reinforces our conclusion earlier
that use of web cleats is redundant; flange only
cleated joint will perform equally well. FRP cleated
joint performed poorly with final accumulated dissi-
pated energy about half of the corresponding joint
with steel cleats.

3.3 Failure patterns

Depending on joint detailing and material strength,
three failure modes were observed: shear-out failure
of the beam’s bolted region, adhesive debonding with
shear-out failure in beam and delamination cracking
of cleat. These are explained in following sections.

3.3.1 Shear-out failure at beam bolted zone

The shear-out failure happens when fibres are ori-
ented mainly in the tension direction of the force or
when the distance from bolt centreline to the free end
of the beam is short. This failure mode happened in
steel cleated bolted joints, SFSc2 and SFStc2, as
shown in Figure 11. The shear-out was observed in
the beam’s flange and web regions below the neutral
axis after dismantling the joint. The applied moment
at the joint creates out-of-plane forces in the con-
nected members. Due to cyclic loading, alternate pry-
ing and compressive forces cause shear-out failure in
the beam flanges and web below neutral axis. The
companion monotonic test also exhibited the same
failure pattern.

3.3.2 Adhesive debonding with shear-out failure

For hybrid — adhesively bonded and bolted joints
SFSc2A and SFStc2A, the failure was due to adhesive
debonding in the cleated region of the beam followed
by shear-out failure in the bolted region of the FRP
beam. Figure 12 shows SFSc2A and SFStc2A joints
at failure. The damage onset was identified by the vis-
ible cracking in the web-flange interface of the beam.
The cracks progressed in the beam along with acous-
tic emissions in succeeding loading cycles.

After reaching the ultimate moment capacity, the
adhesive layer failed suddenly with visible separation
of the steel cleat from the FRP beam. The final failure
was due to shear-out failure in bolted region of both
flange and web of the beam. The adhesive bonding
failed due to shear near the steel flange cleats by pry-
ing action. The shear-out failure in the beam was de-
layed by adhesive bonding. For monotonic loading,
the cracking in the web-flange interface was compar-
atively less, but the ultimate failure remained same.

3.3.3 Delamination cracking

For the FRP cleated joint SFFc2, the failure was
due to delamination cracks at the root radius of FRP
cleats, as shown in Figure 13. Damage onset was ob-
served by hairline cracks at the root radius of FRP
flange cleats. The cracks propagated from the root ra-
dius leading to delamination of the cleats. The prying
action led to the cracks at the top and bottom flange
cleats due to out-of-plane bending caused by the ap-
plied moment. No cracks were observed in the mem-
bers. The delamination failure was also observed in
the web cleats, after dismantling the joint.

(a) (b)

Figure 11. Shear-out failure at beam’s bolted region: (a) Speci-
men SFSc2; (b) Specimen SFStc2

(b)

Figure 12. Adhesive debonding with shear-out failure: (a)
Specimen SFSc2A; (b) Specimen SFStc2A

Figure 13. Delamination cracking in specimen SFFc2



4 CONCLUSIONS

Five full-scale joints are tested to study the cyclic be-
haviour of pultruded FRP beam-to-column joints be-
tween I-shaped profiles. The test parameters include
cleat position, joining method and cleat material. Fol-
lowing conclusions can be drawn from this study:

e Three failure modes were observed: shear-out
failure of the beam’s bolted zone (bolted joints
with steel cleats), adhesive debonding followed
by shear-out failure of the beam (hybrid joint —
bolting and bonding combined with steel cleats)
and delamination cracking at the root radius of
cleats (bolted joints with FRP cleats).

e The ratio of maximum over damage onset cyclic
moment was about 2.5 for bolted joints and 1.5
for hybrid bonded and bolted joints. This indi-
cates that adhesive bonding delays initiation of
damage within FRP cleats and members.

e Hybrid joints showed twice as much stiffness as
bolted joints, regardless of joint detailing. Bond-
ing improved the connection stiffness, but with-
out corresponding increase in the ultimate joint
capacity.

e Adding web cleat to a flange cleated joint is re-
dundant, as no increase in strength, stiffness, or
accumulated energy was noticed.

e The hybrid joints with steel cleats gave excellent
performance in terms of dissipated energy. The
accumulated dissipated energy of hybrid joints
was about 75% higher than bolted joints. The
worst cyclic performance was shown by FRP
cleated joint with accumulated dissipated energy
only half of the steel cleated FRP joint.
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