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11 Abstract

12 The design of pultruded fiber-reinforced polymer (PFRP) structures can be considered to be
13 governed by the beam-to-column joints as they exhibit brittle behavior. This study investigates
14  the failure modes, stiffness contributions, and load transfer of the connection components in the
15  PFRP beam-to-column joint made from glass pultruded structural shapes. Ten full-scale joint tests
16  were carried out, including parameters such as three different end distances, cleat thicknesses, and
17  additional T-stiffeners. The conventional beam-to-column joints without additional stiffeners
18  failed in a brittle manner initiated by flange cleats followed by progressive stiffness reduction
19  leading to ultimate failure. The analysis using strain data confirmed that there is a need for an
20  additional load transfer component in the top flange to delay the brittle failure. The use of T-
21  stiffeners significantly increased the initial stiffness of the beam-to-column joint and delayed the
22 first failure. The overall rotational stiffness of the PFRP beam-to-column joint was determined
23 using the joint component method in the Eurocode. It is shown that the Eurocode method is
24 conservative for connection components with higher end distances. The appropriateness of the

25  stiffness prediction method in the Eurocode is demonstrated with a design example.
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Introduction

The structural fiber composite forms are called pultruded fiber-reinforced polymer (PFRP) profiles,
mostly they are made of lightweight E-glass or carbon fibers with a resin matrix (EXTREN 1989
and Fiberline 1995). Interest has been increasing to use of PFRPs in construction (Clarke 1991,
El-Badry 1996, Bank 2023) due to the high strength-to-weight ratio and durability against
corrosive environments. In contrast to this, the brittle failure modes of PFRPs are the main
drawback that needs to be addressed. Towards this objective, the beam-to-column joints for
frames constructed with PFRP I-section and tubular form profiles have been investigated largely
and they fail in a brittle manner thus governing the design of the entire PFRP structure. For design
purposes, beam-to-column joints in frames are assumed to exhibit either nominally pinned or fully
rigid behavior, but in reality, all joints behave between these two extreme assumptions. The joint’s
characteristics can be described by its moment-rotation relationship or stiffness (BS EN 1993-1-
8:2005). Knowledge of the structural response and failure mode is necessary for the design of
PFRP structural joints as they behave complicatedly in a combination of failure modes. Full-
scaled physical testing is the method usually adopted to determine the characteristics of pultruded
frame joints and to observe the load transfer paths. A detailed review of research on pultruded
frame joints and members is available in the literature (ASCE 2011, Ellingwood 2003, Mottram
and Zheng 1996; 1999a; 199b, Gand et al. 2013; Nguyen et al. 2013, 2014 and 2015, Qureshi and

Mottram 2013;2014;2015, Martins et al. 2017;2021a; 2021b and 2022c¢).

The pioneering research on PFRP beam-to-column joints (Bank et al. 1990, 1994, Bank and
Mosallam 1992, Bass and Mottram 1994, Mottram and Zheng 1996, Smith et al. 1998) used steel-

like geometry and bolting connection configurations for simplicity and adaptability but
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components are of glass fibers and concluded the following (i) failure is initiated by cracking at
the web-flange junction of the column sections and the column needs to be strengthened to avoid
it; (i1) premature cracking of the cleats connecting the beam and column due to the low fiber
content in the direction of loading (non-balanced fiber orientation arrangements). Later the cleats
were replaced by steel and stainless-steel ones (Bass and Mottram 1994, Mottram and Zheng 1996,
Zhang et al. 2018, Martins et al. 2017, Luo et al 2019, Turvey 2000, Turvey and Cooper 2004,
Qureshi and Mottram 2013; Martins et al. 2021a; Qureshi et al 2020; Martins et al. 2021d; Martins
et al. 2023), in which the following were observed; (i) premature failure of column’s web-flange
junction, (ii) local buckling in beam flange; (iii) web and flange cleated joints failed in combination
of beam’s top flange tensile rupture and shear-out failure in beam webs possibly due to inadequate
edge distance (e2) and end (e1) distance; (iv) web cleat only joints failed in shear-out of beam web
ends possibly due to small end distance (e1); (v) flange cleat only joints failed in beam’s top flange
tensile rupture; (vi) the increase in thickness of the steel cleats does not improve the structural
performance as the failure mode is always governed by PFRP profiles due to its less stiffness and
directionally varying material characteristics; (vii) it is possible to exploit steel yielding before the
failure of glass fiber reinforced polymer (GFRP) profiles by strengthening the column and beam
with steel components, however, so far this method demonstrated only for tubular sections by
placing the steel strengthening components inside the column and beam cross-sections. If a similar
strengthening method is used for open cross-sections like I-sections, there will be several
individual components and they require more bolted connections which will further complicate
the design process. More importantly, in most of the above literature, it was recommended to
reinforce the column near the vicinity of the joint to avoid premature web-flange junction failure.

Furthermore, manufacturing a complicated shape for uniform load transfer in a PFRP structural
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joint is uneconomical and the construction is impractical with it. To improve the joint performance
and to delay premature failures, new types of connection components were developed (Bank et al.
1994, Mosallam et al. 1994, Smith et al. 1999, Singamsethi et al. 2005), and new connection
configurations were also proposed with adhesive bonding (Feng et al. 2022), however, the failure
pattern remains brittle. The researchers concluded that the adhesive bonding can improve the
strength and achieve the serviceability and stiffness requirements, however, the durability
performance of the adhesive connection needs to be investigated with respect to the material

characteristics of PFRP and established in the form of design guidelines.

Although research studies on PFRP beam-to-column joints can be found in the literature, the latest
comprehensive review work by Coelho and Mottram (2015) and Bank (2023), indicated that the
current design specifications (CNR 2008, ASCE 2010) for the PFRP structures are not appropriate
to be used by industries and steel alike joints will not be applicable for PFRP structures. Coelho
and Mottram (2015) also specified that there is a large research gap in the behavior of the PFRP
structural frames, despite the large number of innovations in recent years (Feng et al. 2022), there
is a need for new joints configuration to improve the load paths and delay the brittle failure of the
PFRP joints. Similarly, the objective of this present investigation is to increase the application of
PFRP structures in the corrosive environment and use with sea-sand seawater concrete (Teng et al.
2019) by improving the failure modes and delaying brittle failure. In addition, due to the nature
of the PFRP fibers, the bolts and nuts made up of fibers cannot be used in the connections where
shear force is influencing the connection stiffness (Abdelkerim 2019 and 2020; Lawler and Polak
2021). Therefore, this study focuses on the development of simple beam-to-column joints made
only from PFRP profiles with E-glass fiber except bolts are of stainless steel. The structural

behavior of beam-to-column joints is investigated and improved connection element
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configurations are suggested for better load transfer and delay the first failure. Moreover, the
stiffness of the tested joints was determined using the joint component method used for steel joints
according to Eurocode (BS EN 1993-1-8:2005) to check its appropriateness, similar design method

was adopted by Martins et al. (2021b) for PFRP beam-column joints.

Present Investigation

The PFRP beam-to-column connection element configurations including end distance (e1), bolt
diameters (dy), bolt spacing (s), and geometric dimensions are designed according to the existing
literature (CNR 2008, ASCE 2010, EU 2016, CEN/TS 2020, FprCEN/TS 2022, Martins et al. 2021
and Selvaraj et al. 2023). This research explored the load path and first failure in PFRP beam-to-
column joints. The objective of this study endeavors to delay the first failure beyond the
serviceability limit load, analyze the load paths-transfer mechanism and determine the contribution
of the individual connecting components. The meaning of first failure is the deformation of the
connecting element exposing the fibers, followed by a decrease in the stiffness of the joint, and
leads to ultimate failure. Thus, the ultimate moment capacity and rotation of the joint are higher
than that of the first failure. The first failure in PFRP structures should not be considered as the
elastic limit for design calculation, but most of the time it is less than the elastic limit due to the
uncertain failure modes of the PFRP materials (Mottram and Zheng 1999a). Further, the
appropriateness of the Eurocode (BS EN 1993-1-8:2005) method of stiffness determination is

validated by comparing it with the initial stiffness from the experiments.

Material Properties and Specimen Preparation
The PFRP tubular column and I-section beam profiles used in the tests were made from glass fiber
products. The material properties and physical characterization of PFRP profiles are obtained from

tensile and burn-off tests, respectively. The samples for the tensile and burn-off tests were taken
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from both flanges and webs of the beam and column. The tensile test samples are of rectangular
strip size of 250 mm long and 25 mm wide. The tensile test was conducted according to ASTM
D3039/D3039M (2014) and Selvaraj and Madhavan (2020), the material properties obtained from
the tensile tests were summarized in Fig. 1 and Table 1. The burn-off tests were carried out
according to ASTM D3171 (2015), and Selvaraj and Madhavan (2019). The average fiber weight
fraction ratios obtained from burn-off tests were 59.8%, and 56.86% for 4 mm and 9 mm thick
PFRP cleat profiles, respectively. The fiber fraction ratios of the PFRP beam (4 mm thick plate
profile) and column (5 mm thick plate profile) profiles are 50.56% and 52.73%, respectively.
These fiber weight fraction ratios are consistent with the minimum requirements of the standards
(CNR 2008, ASCE 2010, EU 2016, CEN/TS 2020, FprCEN/TS 2022). The fiber orientation
arrangements (architecture) of all three different thicknesses of PFRP plates (both the web and
flanges) are partially balanced symmetric as observed through burn-off tests; there are bi-
directional fiber layers on both the top and bottom of the PFRP plate and one bi-directional fiber
layer on the mid-thickness but thinner than the top and bottom layers; other fibers are

unidirectionally oriented in the longitudinal directional of the member as shown in Fig. 1a.

The column is of a square tubular profile 100 mm x 100 mm (outer-to-outer dimensions) with a
wall thickness of 5 mm and the beam is of I-section of size 100 mm deep, 80 mm flange width,
and thickness of 4 mm for both flange and web (Fig. 2a). The column is filled with C25 grade
concrete (25 MPa - characteristic compressive cube strength) as shown in Fig. 2b as a
strengthening measure to avoid web-flange junction failure. The concrete mix of 1:1:2 is used to
achieve the 25 MPa strength, meaning 554 kg of cement per cubic meter of concrete. It was
anticipated based on the literature that the connection components would fail first if the column is

strong, therefore, the concrete strength is arbitrarily chosen. The objective of this investigation is
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142 to analyze the failure modes of the connection components, therefore the column and beam
143  dimensions are consistent for all the test samples, while the size of the connecting components
144  (flange and web cleats) and connection geometries (stiffened, unstiffened cleats and joints with T-
145  stiffener) are varied as summarized in Table 2 and Figs. 2f-20.
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146 9 mm cleat - 1 9 mm cleat - 2 9 mm cleat - 3 9 mm cleat - 4
147  Fig. 1. Material and physical characteristics of PFRP structural sections: (a) Fiber architecture of
148 the PFRP plates observed from burn-off tests; (b) Stress-strain curve of PFRP plates tested at 0-
149 degree loading angle; (c) Stress-strain curve of PFRP plates tested at 45-degree loading angle;
150 (d) Stress-strain curve of PFRP plates tested at 90-degree loading angle;
151
152 Table 1. Material properties of the PFRP structural shapes tested
Thickness . a Ultimate Strain Ultimate Tensile
of the Ssrrgglei Tensile Modulus (E) (MPa) (©) % Strength () (MPa)"
PFRP E.[0°] | Ewp[45°] [ Er[90°] | 0° [ 45° [ 90° | 0° [ 45° [ 90°
4 mm 1 32782 7266 6879 1.82 | 0.74 | 1.44 | 590.9 | 36.1 | 49.8
(beam’s 2 32053 6991 5719 1.66 | 0.81 1.19 | 532.6 | 359 | 50.7
flange and 3 34639 7150 6884 1.62 | 0.57 | 1.49 | 562.8 | 343 | 55.0
web)!-® 4 33870 8331 6031 1.79 | 0.54 | 1.05 | 605.8 | 35,5 | 513
Mean 33336 7435 6378 1.72 | 0.67 | 129 | 5730 | 354 | 51.7
Cov 0.03 0.08 0.09 0.06 | 020 | 0.16 | 0.06 | 0.02 | 0.04
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1 33516 8507 7640 1.06 | 0.50 | 0.75 | 352.0 | 353 | 27.6

4 mm 2 31031 8650 5929 1.27 | 0.53 | 093 | 3945 | 37.6 | 29.8
(cleats)? 3 32877 8626 8672 101 | 046 | 1.51 | 330.0 | 36.8 | 33.9
4 31539 10113 6548 1.38 | 0.57 | 0.62 | 436.8 | 39.5 | 27.8

Mean 32241 8974 7197 1.18 | 0.51 | 095 | 3783 | 373 | 298

COV 0.04 0.08 0.17 015 | 0.09 | 041 | 012 | 0.05 | 0.10

1 34705 7640 7646 1.29 | 1.15 | 246 | 445.0 | 449 | 83.0

9 mm 2 33535 6886 6780 1.13 | 1.28 | 1.71 | 382.2 | 42.1 | 82.8
(cleats)? 3 35293 7264 6625 1.15 | 0.82 | 1.80 | 404.1 | 39.5 | 884
4 34141 8401 6855 1.34 ] 0.62 | 1.71 | 4484 | 393 | 86.1

Mean 34419 7548 6977 1.23 | 097 | 192 [ 4199 | 414 | 851

Cov 0.02 0.09 0.07 008 | 031 1 019 | 0.08 | 0.06 | 0.03

Test results E, ¢, and f; are summarized with respect to the corresponding angle of loading; *average
values of the beam’s flange and web - the difference was insignificant as the thickness and fiber
architecture were same in both flange and web; ! the results were calculated from the stress-strain plots
with legends “4 mm beam - 1” to “4 mm beam - 4 in Figs. 1b -1d; 2the results were calculated from the
stress-strain plots with legends “4 mm cleat - 17 to “4 mm cleat - 4” in Figs. 1b -1d; ° the results were
calculated from the stress-strain plots with legends “9 mm cleat - 1 to “9 mm cleat - 4” in Figs. 1b -1d.

Table 2: Dimension of the test samples and corresponding test results.

Specimen Flange and web e Stiffened or Ultimate Initial
Nomenclature cleat thickness (mm) unstiffened moment Stiffness
(mm) cleats (kNm) (kNm/rad)
T4 - 4el - L - Fig. 2f 4 4d,=24 Unstiffened 4.61 48.48
T4 - 6el - L - Fig. 2¢g 4 6dn=36 Unstiffened 5.45 51.52
T4 - 8el - UL - Fig. 2h 4 8d,=48 Unstiffened 5.08 47.88
T4 - 8el - L - Fig. 2i 4 8dr=48 Unstiffened 6.21 54.64
T9 - 4el - L - Fig. 2j 9 4dy=32 Unstiffened 4.80 56.62
T9 - 6el - L - Fig. 2k 9 6d,=48 Unstiffened 6.77 68.35
T9 - 8el - UL - Fig. 21 9 8dy=64 Unstiffened 6.87 131.50
T9 - 8el - L - Fig. 2m 9 8d,= 64 Unstiffened 7.24 139.92
T4 -4el -UL - T - Fig. 2n 4 4d,=24 T-Stiffener 5.55 146.57
T4 - 8el - UL - T - Fig. 20 4 8dr=48 T-Stiffener 6.43 161.93

Note: e - end distance; dy - diameter of the bolt; e, > 2dy for all the connections tested. The nomenclature
of the specimens are as follows - Thickness of the cleats - end distance (with respect to the diameter of the
bolts - dy) - L for stiffened cleat and UL for unstiffened cleat - T for T-stiffeners on both the flanges, for
example, T4 - 4el - L means 4 mm thick flange and web cleats with 4ds end distance and stiffened cleat;
and T4 - 4el - UL - T means 4 mm thick flange and web cleats with 4d, end distance and unstiffened cleat
with T-stiffeners. Please refer to Table 1 for the material properties of the structural members used.

The length of the column and beam is 1360 mm and 900 mm, respectively as shown in Fig. 2e.
The beam is connected at a distance of 550 mm from the top of the column. Since the column is
of tubular sections, the bolts are connected through the column cross-section. It is also a
strengthening measure to use the through bolts to avoid web-flange junction failure. The

stainless-steel bolts with Young’s modulus 194 GPa were used for all connections, and they were

pre-tightened on the column before casting the concrete as shown in Fig. 2b.
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Fig. 2. PFRP Beam-to-column joint specimens and testing arrangements: (a) Dimensions of the
column (Square tubular section) and beam (I-Section); (b-c) Design dimensions and connection
arrangements; (d) Connection with T-Stiffener; (e) Test set-up for beam-to-column joint; (f-0)

View of the specimens with varying parameters
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All the bolts used for the beam-to-column joints were 6 mm in diameter as per CEN/TS (2020),
which suggests that the diameter of the bolts should be equal or 1.5 times the thickness (z.) of the
PFRP plate that is connected (t. < d» < 1.5t,). The two-bolted and one-row connection was
employed at each connecting component as shown in Fig. 2c and 2d. The beam and column are
connected using flange and web cleats which were cut from unequal angle sections, therefore the
direction of fibers in the web and flange cleats are perpendicular to the longitudinal fibers of the
beam as shown in Fig. 3. The T-shape stiffener is introduced with both top and bottom flange
cleats for verifying the increase in stiffness and moment capacity of the beam-to-column joint (Fig.
2d, 2n and 20). The T-stiffeners are cut from the PFRP I-section profile by removing one flange,
therefore, the fiber architecture remains consistent with other components of the joint. The details

of connection dimensions for each tested specimen are summarised in Table 2.

Test Setup

The beam-to-column tests were performed in a steel loading frame. The concrete-infilled PFRP
column ends were connected firmly to the frame. The column was fixed at both ends to resist the
rotations due to the loading on the beam, therefore the load transfer ability of the connecting
components can be analyzed. The loading was applied using a hydraulic jack with a capacity of
250 kN. A rotational hinge was used at the loading point to keep the load perpendicular to the
beam alignment. The loading was applied by a monotonic deflection, the load cell reaction was
obtained as a load. The deflection was applied on the beam at a distance of 500 mm from the
center line of the column. The rate of loading is such that the ultimate failure of the PFRP joint
occurred within 20 minutes of loading. A total of five linear variable displacement transducers
(LVDTs) were positioned to measure the displacement profile of the beam-to-column joint as

shown in Fig. 2e. The strain gauges were instrumented on the beam, column, and connecting cleats
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to measure the strain corresponding to the applied load (Figs. 2¢). The inclinometer was positioned
at the end of the beam to measure the rotation. The data from loadcell, LDVTs, strain gauges, and
inclinometer were gathered by a data logger. The actual photos of the test arrangement before

loading and after failure are shown in Fig. 4.

1.Unidirectional fibers
(in the directional of pultrusion)
2.Bidirectional layers

Photo of the tested sample
Results and Discussion

General observation
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In general, all the tested beam-to-column joint configurations exhibited brittle failure due to cleats
corner cracking and rupture of the stiffener, however, the increase in initial stiffness and moment
capacity was observed with an increase in the thickness of the cleats and end distance (e1). The
ultimate moment capacity and initial stiffness of the joints are summarized in Table 2 and Figs. 5-
9. Overall, it was observed that the top flange clip failed first followed by the failure of the web
cleats in all the tested samples, and the use of T-stiffeners delayed the first failure to some extent.
The strain readings from the connection components (Figs. 2e, 6a, and 7a) are used for a detailed
understanding of the failure mode, contribution, and load transfer between the connection
components. As the PFRP beam-to-column joint’s structural response varied depending on the
different components, the joint behavior is analyzed with respect to individual parameters in the
following sections.

Effect of end distance (e1)

The end distance (e1) is one of the important parameters that govern the failure mode of the PFRP
joints, the design codes (CNR 2008, ASCE 2010, EU 2016) suggest that the minimum end distance
(e1) of 4dp should be sufficient, but the latest research (Martins et al. 2021 and Selvaraj et al. 2023)
reported that the minimum end distance should be equal to 8dy for attaining the progressive bearing
failure. Therefore, to determine the suitable end distance (e1) for a full-scale joint design
application, the end distance is varied from 4dy (minimum limit specified in the codes) to 8ds
(minimum limit specified by latest research). In addition, the new design parameter proposed by
Selvaraj et al. (2023), covering plate slenderness and end distance (w/t) / (ei/dp) > 1.5 is also
followed. Overall, three different end distances (e1) are varied to check their influence (4dsb, 6ds,
and 8dy) (Table 2). The variance in the end distances is configured in all the connecting

components like flange cleat, web cleat, and beam for consistency and alignment (Figs. 2¢, 2f-20).
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The influence of end distance is significant in the structural response of the beam-to-column joints,
as the moment capacity (in kNm) and initial stiffness (in kNm / rad) are significantly increased
with an increase in end distance (e1) as can be observed in Fig. 5a (results of 4 mm cleats), 5b
(results of 9 mm cleats), 5c (stiffness comparison), 5¢ (moment comparison) and Table 2.
Compared to the smaller end distance of 4dy, the specimens with longer end distances withstand
18.3% and 34.7% higher moment capacity for 6ds, and 8d, end distances, respectively, in 4 mm
thick cleats (compare T4 - 4el - L with T4 - 6el - L and T4 - 8el - L in Fig. 5e and Table 2),
whereas in 9 mm thick cleats, the moment increment is 41.2% and 50.9% for 6dy and 8dy end
distances, respectively compared to 4dy end distance (compare T9 - 4el - L with T9 - 6el - L and
T9 - 8el - L in Fig. 5e and Table 2). This should be attributed to the fact that the connection closer
to the column face [with smaller end distance (e1 = 4dy) T4 - 4el - L] distributes the load within a
smaller area (4dy x thickness of flange cleat) which resulted in higher stress and led to cracking
along the entire width of the top flange cleat at the fillet radius location. Whereas in the flange
cleats with longer end distance [(e; = 8dy) T4 - 8el - L], the cracking is delayed due to less
concentric stress of a corresponding load. However, the cracking of the top flange cleat is the first
failure in all the tested samples as marked in Figs. 6j-6q (see strain readings of the flange cleats).
It should be noted that there was no visible deformation in the vicinity of the bolt holes (no bearing
deformation) in the beams with respect to the change in end distance (e1) [as shown in Figs. 6b-61
(bolt holes connecting web cleats) and Figs. 7c-7i (bolt holes connecting flange cleats)], this may
be due to the connecting components failing well within the elastic limit (first top flange cleat

failure).
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The influence of end distance (e1) was not observed in the initial stiffness (within 40% of the
loading) of the 4 mm thick flange and web cleat specimens due to less area for load transfer and
the stiffness of the connections (T4 series) with varying end distances are between 47.9 kNmm/rad
to 54.6 kNmm/rad as shown in Fig. 5S¢ and Table 2. Whereas, in the case of specimens with 9 mm
thick flange and web cleats, the initial stiffness for the end distance of 8dy increased by 147.1%
and 104.7% compared to 4dy and 6dy end distances, respectively as shown in Fig. 5¢ and Table 2.
This increase in initial stiffness only found in the 8dy end distance in 9 mm thick connection
components may be attributed to the combined influence of a higher area of loading and more free
length to elongate (longer end distance X cleat thickness) and the presence of thick bidirectional
layers of fibers in the 9 mm thick flange and web cleats. It should also be noted that the influence
of e; was observed only in 9 mm thick cleated connections and not in 4 mm thick cleated
connections, this should be due to the fact that the higher area of loading in 9 mm cleats with
longer free length (6dy and 8dy) to elongate taken more load prior to first crack. Though the
bidirectional layer in 9 mm cleats provides resistance against rotation at the initial stage (stiffness),
the improvement in moment capacity is insignificant (4.1 to 35.3%) compared to 4 mm cleats as
shown in Fig. 5e (compare 4 mm thick cleat specimens and corresponding 9 mm thick cleat
specimens). Based on the above observations, it is clear that the increase in cleat thickness with
adequate end distance (e1) would improve the behavior of the PFRP beam-to-column joints.
Failure of flange and web cleats

As mentioned previously, the flange and web cleats were cut from the PFRP unequal angle profiles,
therefore the longitudinal fibers of the cleats were aligned perpendicular to the beam’s longitudinal
fibers as shown in Fig. 3. However, it should be noted that all the PFRP profiles used in this study

are of partially balanced symmetric (three layers of bidirectional layers with longitudinal fibers)
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as shown in Fig. 1a. This perpendicular alignment of the cleat’s longitudinal fibers significantly
influenced the overall failure mode of the beam-to-column joints owing to the nature of the PFRP’
structural behavior. In general, the PFRP profiles have less resistance in the lateral or through-
thickness direction compared to the longitudinal direction (Mottram and Zheng 1999a; 1999b and
Selvaraj et al. 2023). In comparison, both the flange and web cleats failed prematurely at the fillet
corner radius irrespective of the thickness, nevertheless, the increase in moment capacity and initial
stiffness of the joint is observed as shown in the moment versus displacement plots in Figs. 5a (4
mm thick cleats) and 5b (9 mm thick cleats). The initial stiffness of the beam-to-column joint
increased by 156.1% and 174.6% in specimens with an end distance of 8d, in 9 mm thick cleats
compared to the corresponding 4 mm thick cleats as shown in Fig. 5c, but for specimens with an
end distance of 4dy and 6dy, the stiffness increment is insignificant (16.8-32.7% only). In addition,
the increment in moment capacity is also not significant, to be precise, the flange and web cleat
thicknesses more than doubled from 4 mm to 9 mm [compare 4 mm thick cleats and corresponding
9 mm thick cleats in Figs. 5c (stiffness comparison) and Fig. 5e (moment comparison)] but the
improvement in moment capacity is only about 4.1 to 35.3% as shown in Table 2. In structural
design when the cross-sectional area of the member is doubled the stiffness and loading capacity
should also be doubled or proportionally increased, however in the present study due to the natural
behavior of PFRP profiles the moment and stiffness did not improve proportionally for all the
specimens. The significant increase of stiffness in 9 mm thick cleats compared to corresponding 4
mm thick cleats with an end distance of 8dp indicates that the end distance (e1) also plays a role in

stiffness improvement.

The top flange cleat which was in the tension zone of the joint configuration failed first due to

cracking at the fillet corner radius in all the tested samples, as shown in Figs. 6b-6i, and Fig. 8b.
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It is important to note that the failure of the top flange cleat occurred at the small deflection (Figs.
6j to 6q - see the top flange strain values), leading to progressive stiffness reduction in the joint
(Figs. 5a and 5b), however, the overall joint was still within the elastic limit (the strain values
corresponding to the first failure in the top flange is less than the elastic strain), or in other words
the first failure occurred well within the elastic strain limit. The bottom flange cleat which was in
the compression zone of the joint did not fail or crack till the end, it avoided the sudden/brittle
failure, or in other words delayed the overall failure of the joint, as observed from the linear
compression strain reading in Figs. 6j-6q (see the bottom flange strain values). This should be
attributed to the fact that the bottom flange cleats were in a compression zone and its deformation
was well controlled by the column face to which it was connected as indicated in Fig. 6a.
Theoretically, the overall joint stiffness is significantly influenced by the effectiveness of the
column flange to which the cleats are connected (Martins et al. 2021b). If the column rotates with
respect to the beam’s rotation, then the stiffness will decrease drastically. In the present
investigation, the column was infilled with concrete, and the bolts connecting the flange and web
cleats were through the entire column width (Fig. 2b), therefore there was no failure at the fillet
radius of the columns (web-flange junctions) and there was no rotation or displacement at the
column ends, as a result, the column stiffness was high and it provides adequate stability against
the compressive force from the bottom flange cleat as shown in Figs. 8b-8e. The comparison of
strain readings of the column flange facing the beam connection (Fig. 5f) and other stain readings
(Figs. 6j-6q, Fig. 7b, and Fig. 8a), shows that the column was well within the elastic range yet the
failure was completely influenced by the premature failure of the connecting components. The
web cleats failed in cracking due to the rotation of the beam (pulling force on the top portion), and

notably, the crack in the web cleat was initiated only after the top flange failure.
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This can be observed from the moment vs. strain plot in Fig. 8a, first the top flange strain readings

suddenly changed to zero due to cracking (red arrow in Fig. 8a and corresponding first failure

mode Fig. 8b), later, the strain reading of the web cleat [curve with the legend “Above NA -
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Tension Zone (back)” in Fig. 8a] also exhibited sudden change from gradual increase due to
cracking (corresponding failure mode is shown in Fig. 8c). After the occurrence of first crack in
web cleat, the strain readings were not accurate and shown random pattern due to the drop-in
stiffness, thus strain reading after crack can be ignored. The failure pattern of the beam-to-column
joint configuration investigated in the present study is, (i) first top flange cleat failure; (ii) followed
by initial cracks in the web cleat and (iii) bending of the bottom flange cleat (flexible response -
bending without resistance), finally (iv) complete crack in web cleat at the fillet radius location
leading to ultimate failure. The above-mentioned failure mode pattern is depicted in Figs. 8b to
8e, the same pattern can be observed at the moment vs. displacement plots (Figs. 5a and 5b)
through the following stages: (i) linear elastic until the first failure; (ii) progressive stiffness
reduction after the first failure; (iii) further significant stiffness reduction after web cleat crack;
and (iv) sudden load drop due to complete crack in web cleat. A slight variation to the above
moment vs. displacement plot pattern was observed in some specimens with 4 mm thick cleats (T4
-4el -L, T4 - 6el - L, and T4 - 8el - UL) in Fig. 5a, this should be attributed to the combined
effect of inadequate cleat thickness, small end distance and/or unstiffened cleats. The overall
observation indicated that the first failure is well within the service load limit (see Table 3) [which
is 40% of the ultimate moment in general (Uy et al. 2017)], therefore it is necessary to delay the
first failure by adding more load transfer connection components. Moreover, based on the above
observations pertaining to the failure modes in PFRP beam-to-column joint, the following specific
conclusion can be made (i) the increase in thickness of the connecting components (flange and
web cleats) does not improve the connection behavior proportionally, (i) the thicker PFRP profiles

like 9 mm cleat angles should have adequate end distance (e1) and more bidirectional layers to
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avoid sudden cracking; (ii1) more load transfer connecting element is required for delaying the

brittle failure (improve the initial stiffness).

Contribution of Connection Components

Before understanding the need for additional load transfer connecting elements, it is necessary to
comprehend the contribution of each connection component including, top flange cleats, web
cleats, and bottom flange cleats in the unstiffened connection configurations. However, it is
complicated to determine the contribution of each connection component at each stage of loading
due to the complex failure modes of PFRP profiles, nevertheless naturally if one component fails
then the other components share the load until overall failure, based on this approach, the strain
readings can be used to determine the stage at which each component failed and how others
contribute to the load transfer (Table 3). At the initial stage of the loading, all the connection
components take the load sharing, therefore the moment versus deflection plot exhibits a linear
elastic pattern. The first failure occurred in the range of 10% to 30% and 39% of the ultimate
moment (which is within the serviceability limits) in specimens with 4 mm and 9 mm thick cleats,
respectively, as shown in Figs. 5a-5b, and Figs. 6j-6q, Fig. 7b and Fig. 8a, (see strain readings of
flange cleats) and Table 3.  After that, the stiffness of the overall joint started reducing
progressively, and the initial cracks in the tension zone of the web cleat occurred at an average of
46% of the ultimate moment which is an average of 15% higher moment than the first failure (top
flange failure). Once the web cleat began to crack, the stiffness of the joint dropped drastically,
and then the joint resisted the load with the help of the stiffness provided by the bottom flange
cleat, which also became flexible as the crack propagated in the web cleat due to rotation. Finally,

the web cleats fully cracked at an average of 75% to 82% of the moment capacity. The above
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interpretation indicates that the first failure caused the subsequent failure modes, therefore an

additional connection component is required to delay the first failure.

Table 3: Contribution of the connection components.

Specimen Initial Ultimate Moment at | Moment at initial | Moment at full

Nomenclature Stiffness moment First failure crack in web crack in web

(kNm/rad) (kNm) (kNm) * cleat (kNm) * cleat (kNm) *
T4 -4el -L 48.48 4.61 1.00 1.30 2.70
T4 -6el -L 51.52 5.45 0.50 2.00 4.50
T4 - 8el - UL 47.88 5.08 1.50 2.50 4.50
T4-8el -L 54.64 6.21 2.00 3.10 5.20
T9 -4el -L 56.62 4.80 1.10 1.28 2.45
T9-6el -L 68.35 6.77 0.75 2.43 5.10
T9-8el -UL 131.50 6.87 2.65 3.20 4.75
T9-8el -L 139.92 7.24 2.30 345 5.60
T4-4el -UL-T 146.57 5.55 2.75 3.20 4.65
T4-8el-UL-T 161.93 6.43 2.90 3.15 4.90

Note: * The moment values at the particular failure modes are observed based on the strain
gauge readings as shown in Figs. 6-9.
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A T-shape stiffener was added in both the top and bottom flange, one T-stiffener was connected
from the column face side, and another T-stiffener was connected from the beams flange side, and
both of them joined at the convergence point using two bolts as shown in Fig. 2d. Addition of T-
stiffeners is a simple method to increase the load share of the flanges, and they take part in both
top and bottom flange load share simultaneously, therefore, the initial stiffness increases
significantly. The T-stiffeners are 4 mm thick and they are added to 4 mm thick flange cleat
connections, T4-4e1-UL-T (Fig. 2n) and T4-8e1-UL-T (Fig. 20). In the top flange, the T stiffeners
are under tension due to the pulling force of the beam to the column, simultaneously, at the bottom
flange the T-stiffeners provide stiffness against the bending (T-stiffeners transfers compression
force from one leg of the bottom flange cleat to the other leg that is connected to the column face).
Owing to this load transfer pattern, the stiffness of the joint was increased significantly as shown
in Fig. 5a and Fig. 5d. More importantly, the first failure was delayed up to 2.75 kNm moment in
T4-4e1-UL-T specimen (see in Fig. 9a and Table 3) which is 175% more than the occurrence of
first failure in similar specimen without stiffener T4-4el-L (see in Fig. 8a and 6j). Similarly, in
specimen T4-8e1-UL-T the first failure occurred at a moment value of 2.9 kNm (Table 3) which
is 93.3% higher than the corresponding specimen (T4-8e1-UL) without stiffeners where the first
failure occurred at 1.5 kNm moment (Fig. 61). But once the top flange T-stiffener failed together
with top flange cleat cracking (Fig. 9c), the joint loses its stiffness and the progressive stiffness
reduction began. This indicates that the provision of an additional load transfer component in the
form of a T-stiffener can improve the stiffness significantly and delay the first failure. This delayed
failure can help in achieving the serviceability limit before the first failure which is an important
design specification for PFRP structures design (Mottram 1994, Mottram 1996, Mottram and

Zheng 1996 and 1999a). It should be noted that the moment capacity did not increase significantly
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after adding the T-stiffeners (Fig. 5a). However, a significant improvement in stiffness was
achieved and the first failure was delayed beyond 45% of the ultimate moment (which is higher
than the service load) by adding a T-stiffener to the 4 mm thick cleats, perhaps if the T-stiffeners
were added to 9 mm thick cleats, the moment capacity could have been improved. Moreover, the
thickness of the T-stiffener can also be increased based on the need. It is important to note that
due to the manufacturing procedure, the fibers in the T-stiffeners are perpendicular to the tensile
force as shown in Fig. 3, therefore the T-stiffeners failed in rupture (Figs. 9d-91), this failure mode
can also be improved by increasing the number of bidirectional fiber layers in the PFRP fiber
architecture (use of more balanced symmetric architecture than partially balanced symmetric).
Further, adhesive bonding can also be introduced for the connection between connecting
components and members to delay the first failure mode, however, the long-term durability
performance should be assessed experimentally.

Determinization of Stiffness of the PFRP beam-to-column joint

The establishment of design standards is an essential task for promoting any structural materials.
PFRP is one of the structural materials that has a variety of material specifications including their
anisotropy, inhomogeneity and various industries have different norms, therefore, it is essential to
develop internationally acceptable design standards (Bank et al. 2023; Coelho and Mottram 2015).
The present study suggests the design method to determine the initial stiffness of the PFRP beam-
to-column joint after checking the appropriateness of the joint component method from Eurocode
(BS EN 1993-1-8:2005). This design method was used by Martins et al. (2021b) for flange-cleated
beam-to-column connections, however, in the present study the Eurocode method is modified

according to the connection configuration, load transfer, and failure modes.
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Fig. 10. Stiffness components of the joint component method of initial stiffness determination from
Eurocode: (a) k1 - Stiffness of each row of top rods in tension; (b) k2 - Stiffness of the top flange
cleat (without T-stiffener) in bending; (c) k> - Stiffness of the top flange cleat (with T-stiffener) in
bending; (d) k3 - Stiffness of the beam’s top bolts in shear; (e) k4 - Beam’s web portion in tension

The Eurocode classified the joint stiffness into twenty different components (Section 6 and Table
6.1 of BS EN 1993-1-8:2005), out of which the following components were selected for concrete-
filled columns connected with beam using flange and web cleats (appropriate ones for the present
study), namely: (i) stiffness of each row of top rods in tension (bolts connecting the column and
top flange cleat - Fig. 10a) as per Eq. (1), denoted as ki; (ii) stiffness of the top flange cleat in
bending as per Eq. (2) (Figs. 10b and 10c), denoted as k»; (iii) stiffness of the beam’s top bolts in

shear in Eq. (3), denoted as k3 (bolts connecting the top flange cleat and top flange of the beam -
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Fig. 10d); (iv) beam’s web portion in tension (pulling force at the web cleat bolt connection
location) as per Eq. (5) (Fig. 10e), denoted as k4. As the above stiffness components ki to ks are
acting simultaneously (stiffness in series), the total rotational stiffness (kj) of the joint was
calculated using the equivalent stiffness expression Eq. 6. It should be noted that the contributions
of the column web and flange stiffness were not incorporated in the present study as the column
was filled with concrete and has not deformed until failure as shown in Fig. 5f. In addition, the
contribution of the bottom flange cleat was also not considered as it starts acting against the
rotation of the beam only after the initial loading or after the failure of the top flange cleat, and
theoretically the beam’s axis of rotation lies at the bottom flange cleat for the cantilever beam
tested in the present study, thus the web cleat also failed in pulling (tension) of the top portion
(crack begins at the top of the web cleat and propagates to the bottom).

Stiffness of each row of top rods in tension (ki)

1.6 Ag Eg

ky = 2085 (Eq. 1)

Lp
The stiffness of the bolts connecting the column and top flange cleat is determined using the simple
mechanics expression for calculating the stiffness of the bar in tension, Eq. (1) simulates the same.
In Eq. (1), 4s 1s the cross-section area of the bolts in a single row, Es is the Young’s modulus of
the bolt (stainless steel), and Ly is the elongation length (length between two ends of the bolts plus
the two washers length subtracting thickness of the bolts). Fig. 10a illustrates the force direction
of this stiffness and each parameter.

Stiffness of the top flange cleat in bending (kz)

k, = 0.9 lesr ty Err (Eq. 2)

m3
The stiffness of the flange cleat leg that is connected to the column face when pulled by the other

leg due to the beam bending and this stiffness is associated with the bolts in tension (k1). Where
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the lfris the effective length of the flange cleat, ¢, of the thickness of the flange cleat, Ei 1 is the
tensile modulus of the GFRP flange cleat in a transverse direction (in the direction of the beam),
and m is the flat distance of the flange cleat connected to the column face (bending lever arm -
flange length of the connecting leg) as depicted in Fig. 10b according to Eurocode. As the
Eurocode’s joint component method does not have a separate stiffness calculation procedure for
the newly introduced T-stiffener connection configuration, the influence of T-stiffener to the top
flange cleat against bending is incorporated by increasing the thickness of the flange cleat by four
times the actual thickness, that is 2 = 16 mm instead 4 mm flange cleats in specimens T4-4e1-UL-
T and T4-8el1-UL-T (Fig. 10c).

Stiffness of the beam’s top bolts in shear (k3)

ky = —— (Eq. 3)

kp kplate

This is the combined stiffness of the top flange plate in the PFRP beam and bolts connecting the
beam flange and flange cleats, when the beam is bending the resistance is provided by the
connecting bolts together with the flange cleat bending as shown in Fig. 10d. Where k, = stiffness
of the bolted connection obtained from the double lap connection test, for the present study the
stiffness of the 6 mm bolt and 4 mm thick plate is obtained from the authors previous double lap
single bolt connection testing work (Selvaraj et al. 2023).

_ Et,Lf Aflange
kplate - Ly (Eq- 4)

where EiLr is the tensile modulus of the beam flange in the longitudinal direction, Afiange 1s the
effective area for the single bolt, /5 is the free length of the beam flange (unrestrained length) can
be calculated as the distance from the end of top flange cleat to the loading point divided by 2.

Beam’s web portion in tension (k)
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k4 — Et,Llef‘jweb (Eq 5)

The Eurocode suggests that when the beam webs are connected to columns by web cleats, the top
portion of the beam’s web will have a bearing stiffness (Fig. 10e), therefore this can be determined
using a very similar approach in Eq. 4, nevertheless, the parameters are taken according to the web.
Where Ei 1w is the tensile modulus of the web of the beam in the longitudinal direction, Awep is the
effective area for a single bolt in the web (only the top portion of the web in tension during the
initial loading), /5, is the free length of the beam's flange (unrestrained length) can be calculated

as the distance from the end of web cleat to the loading point divided by 2 (will be equal to /fr).

Table 4: Validation of the joint component method of initial stiffness determination from Eurocode

Specimen kE-j k 1 kz k3 k4 kj kE-j / kJ
Nomenclature (kNm/rad) | (kN/m) | (kN/m) | (kN/m) | (kN/m) | (kNm/rad)

T4 - 4el - L - Fig. 2f 48.48 166113.8 4182.2 3687.1 42670.1 39.3 1.23
T4 - 6¢el - L - Fig. 2g 51.52 166113.8 4182.2 3687.1 42670.1 393 1.31
T4 - 8el - UL - Fig. 2h 47.88 166113.8 4182.2 3687.1 42670.1 393 1.22
T4 - 8el - L - Fig. 2i 54.64 166113.8 4182.2 3687.1 42670.1 393 1.39
T9 - 4el - L - Fig. 2j 56.62 166113.8 | 147053.2 3572.7 42670.1 105.0 0.54
T9 - 6el - L - Fig. 2k 68.35 166113.8 | 147053.2 3572.7 42670.1 105.0 0.65
T9 - 8el - UL - Fig. 21 131.50 166113.8 | 147053.2 3572.7 42670.1 105.0 1.25
T9 - 8el - L - Fig. 2m 139.92 166113.8 | 147053.2 3572.7 42670.1 105.0 1.33
T4 -4el - UL - T - Fig. 2n 146.57 166113.8 | 267660.0 35344 42670.1 118.7 1.23
T4 -8el - UL - T - Fig. 20 161.93 166113.8 | 267660.0 35344 42670.1 118.7 1.36

Note: Refer to Fig. 10 and the design example in supplementary material for the procedure for the joint
component method of initial stiffness determination according to Eurocode.

Overall rotational stiffness of the joint (k;)

ZZ
ki= 1+ (Eq. 6)

PRI,
Where £j is the overall stiffness of the beam-to-column joint, z is the moment lever arm as depicted
in Fig. 10, ki, k2, k3, and k4 are from Eqgs. (1-5). It should be noted that the stiffness of the beam’s
top bolts in shear (k3) is multiplied by two as there are two bolts k3 used for connecting the flange

cleat and column.
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Validation of the joint component method of initial stiffness determination from Eurocode
Despite the fact that the joint component method of stiffness prediction in Section 6 and Table 6.1
of BS EN 1993-1-8:2005 is developed for steel “Structural joints connecting H or I sections”, the
comparison between predicted rotational stiffness of the joint (k) and stiffness obtained from
experiments (kg-j) for PFRP joints shows relatively good agreement (Table 4). However, it should
be noted that the predicted rotational stiffness (kj) of the joints is conservative (kg.j > kj) for the 8
specimens by an average of 23% but significantly unconservative for 2 specimens by an average
of 45%. This may be attributed to the fact that the failure mode and resistance of the connection
components are significantly influenced by the end spacing (ei), but the stiffness design
expressions (Egs. 1-6) do not consider the end spacing as one of the parameters. In addition, it
should also be noted that except for the stiffness of the flange cleat in bending (k2 varying with
respect to the thickness of the top flange cleat), all the other stiffness components ki, k3, and k4 are
the same for all the specimens as the parameters incorporated are same such as E 1w, Aweb, /fw, [,
Aflange, EtLf, As, Es and Ly. The predicted values of & may be even accurate if the other parameters
such as ei, e2, and minimum fiber architecture limitations are included in the design. With the
current results, it can be concluded that the Eurocode method of stiffness prediction is conservative
for the PFRP beam-to-column connections with an end distance equal to 8d,. The stiffness
prediction of the tested beam-to-column joint specimen T9-8ei-L is demonstrated in the form of a
design example in supplementary material for ease of understanding of the reader and design
engineers.

Conclusions

An experimental investigation was carried out on the glass PFRP beam-to-column joints with

varying design parameters. The initial joint stiffness, ultimate moment, first failure, and failure
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mode patterns were analyzed based on design parameters such as end distance, cleat thicknesses,
and additional T-stiffeners. The structural response of the connection component indicated that
the following: (1) the increase in thickness of the connecting components (flange and web cleats)
does not improve the connection behavior proportionally; (ii) the thicker PFRP profiles like 9 mm
cleat angles should have adequate end distance (e1) and more bidirectional layers to avoid sudden
cracking; (ii1) more load transfer connecting element is required for delaying the brittle failure
(improve the initial stiffness), (iv) the fiber architecture of the PFRP plates significantly influence
the overall response of the joint. The additional T-stiffeners with the top and bottom flanges
significantly increased the stiffness of the joint and improved the failure modes. Particularly, the
introduction of the T-stiffeners delayed the first failure beyond the serviceability limits which is a
safety factor in the design of PFRP structures. In the present study, the initial stiffness of the PFRP
beam-to-column joint was determined using the “joint component” method from Eurocode which
is modified according to the PFRP connection configuration, load transfer, and failure modes. The
predicted rotational stiffness (kj) of the joints is conservative (kg-j > k;j) for the 8 specimens by an
average of 23%, but significantly unconservative for 2 specimens by an average of 45%. This is
due to the fact that the failure mode and resistance of the connection components are significantly
influenced by the end spacing (e1), but the stiffness design expressions do not consider the end
spacing as one of the parameters. The predicted values of kj may be even accurate if the other
parameters such as e1, €2, and minimum fiber architecture limitations are included in the design.
With the present results, it can be concluded that the Eurocode method of stiffness prediction is
conservative for the PFRP beam-to-column connections with an end distance equal to 8d,. A

design example is included for ease of understanding and application. The conclusion drawn from
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this research is applicable to the beam-to-column joints that are made from PFRP profile with

similar fiber weight fraction ratio and architecture.
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