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X ) loading. This study provides aspects such as the load-bearing capacity of the connection, failure
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modes, load distribution in the connection, displacement in the joint, stiffness, and compressive

;(i;\fvi};i(z)ﬁ strength. The design of the joint in this study that connects two 350mm GFRP H-sections to form a
GFRP short column connection is based on euro codes BS EN 1990 and BS EN 1991, which are used to
Spliced connection design steel splicing connections for beams and columns. Four design specifications models are made
Short column depending on the positioning of the cover plates in the inner flange, outer flange, and web region of
Axial load the H-sections to examine the requirement of a specific cover plate, and the H-sections are bolted to

each other using M8 8.8 grade steel bolts. The samples tested in this study indicated a dominant failure
in the flange region, with model-4 providing 92.83% compressive strength when compared to an uncut
GFRP short column.

© 2023 Growing Science Ltd. All rights reserved.

1. Introduction

Fiber Reinforced Polymer (FRP) is a reinforced polymer composite material that is widely used in the aeronautical and
aerospace industries but is gaining popularity in the construction industry due to its lightweight and high load-bearing capacity
for the same area that traditional steel used in construction occupies (Frigione & Lettieri, 2018). Because of their high strength-
to-weight ratio, these materials were introduced into the construction industry as retrofitting counterfeits used to restore or
strengthen weaker structures (Ferdous et al., 2021). There are various types of FRPs and the most popular one amongst them
is GFRP which is a Glass fiber and epoxy composite because of its low cost of production compared to other FRPs such as
CFRP or AFRP. Using GFRP in the construction industry has several advantages, including its non-conductivity of heat,
electricity, and magnetism, non-corrosive nature, rot-free abilities, lightweight, and so on. These advantages will lead to
advancements in construction and will have consequences in other industries as well, but the material is not being used to its
full potential due to a lack of design codes (Kim, 2019). GFRPs, unlike traditional steel and iron, cannot be welded but can
be bolted, riveted, and bonded to form connections (Al-Rubaye et al., 2020). Bolts and rivets used in GFRP structures are
typically made of steel and iron, but the use of GFRP bolts to establish homogeneous connections is becoming popular,
complementing the use of the material throughout the structure. A monolithic reinforcement or load-bearing structure is
preferable to a cut or fragmented component for construction, but transporting a single large piece of material becomes tedious
and expensive and is not considered ideal in most situations (Bazli et al., 2020). As a result, a connection design that provides
the structure with the same strength, load-bearing capacity, and other benefits as an uncut piece would when used in real-time
is required.

The use of GFRP in the construction industry has numerous advantages, and when compared to its naturally occurring
replacement counterparts like wood or steel, the issues of depletion, extinction, extraction, deforestation, and so on are all
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resolved (Sheikh & Li, 2007; Vedernikov et al., 2020). In earthquake-prone areas, wood is preferred over steel because of its
ability to absorb or dampen vibrations, whereas steel transmits and resonates with vibration, causing structural issues (Fahmy,
2013). In addition, steel-reinforced structures require fewer plastic hinges to withstand dynamic loading than traditional live
load, dead load, wind load, snow load, and so on. This problem is solved by adding reinforcement and using larger cross-
sectional structures, which increases dead load and makes the structure heavy. In earthquake-prone areas, GFRPs can be used
in place of steel to create a static and practical structures (Tempelman, 2014). GFRP, like wood, has the benefit of dampening
vibration due to the material being stiff and less tensile. GFRP also has a significantly higher thermal capacity and is rot-free
when compared to wood. As a result, GFRP has the potential to replace wood, steel, aluminum, titanium, and other
construction materials in the construction of standard- or mega-structures (Wallace, 1965). Another common practice in the
construction industry is to provide structures with composite materials that contrast each other's flaws, such as in RCC, where
concrete is used for compressive strength and steel for tensile strength. This aspect of using composite structures can be traced
back to when wood and clay were popular building materials. Composite connections are ideal for enhancing the ability of
one material by compensating for redundancies in the other (Shin et al., 2019). Because of its numerous advantages over other
construction materials, GFRP is widely used as a composite material for the construction of military-grade and other mega-
structures such as oil refineries, bridges, industrial harbours, and so on (Harley et al., 2017; Phan Viet et al., 2020).

GFRP H-section connections are bonded, bolted, and riveted, as compared to steel H-section connections, which can be
bolted, riveted, and welded. This raises the question of which type of connection is the strongest; what constitutes a strong
GFRP connection; can composite connections provide adequate strength; and what is the most commonly used connection in
I-sections and H-sections (Zhao & Zhang, 2007; Viet et al., 2021). Splicing is a common connection used in steel structures
to connect two H-sections or I-sections. The splicing connection's popularity is due to its ability to provide stiff continuity,
strength, toughness, and firmness across the section of the connection (Nhut et al., 2022). Splicing is a method of connecting
two horizontal or vertical structures such as I-sections, H-sections, L-sections, T-sections, and so on. Splicing can be done in
GFRP H-sections as well as steel, and the two most common types used to connect H-sections are bearing and non-bearing
splicing (Liu et al., 2020). Bearing splicing occurs when two members connected by plates and bolts come into contact with
each other, creating a load transfer path directly through the members and the joint. Load transfer does not occur directly
through the members in non-bearing splicing because a gap called the splicing gap is maintained between the members to
accommodate for any expansion in the joint or to maintain the robustness of the connections (Russo, 2019). As a result, load
transfer occurs in non-bearing splicing through the joint or connection members, which in the case of splicing connections
are plates and bolts. This helps in understanding the strength of the connection by separating it from the strength of the material
in terms of load transfer from one section to another. Because one of the major disadvantages of GFRP is its ability to fail
abruptly at maximum loading, having a safety trigger via a splicing gap increases the robustness of the connection, preventing
any catastrophes when used in a structure.

The plates used in spliced connections are classified into three types based on their placement: web plates, inner flange
plates, and outer flange plates. There are several advantages to using cover plates in different locations of the connection
depending on the requirements (Mara, 2016). That is, excessive use of cover plates in a specific location will increase the cost
of producing a joint, whereas not using the required amount will result in unsatisfactory connection performance. As a result
of the lack of design codes, GFRP is not being used to its full potential in the construction industry, which is increasing the
amount of research being done on the material to produce efficient and reliable structures. This study focuses on a significant
knowledge gap in GFRP column connections and whether the spliced column has the same strength as an uncut GFRP H-
section by performing the lab tests.

2. Experimental program

The test subjects are made of two GFRP H-sections, each of which is 350mm long and has an H-dimension of 150 x 76
x 6.5 mm. The guidelines for non-bearing splice connection design is derived from euro codes (BS EN, 1990; BS EN, 1991).
Four models are developed based on the presence of cover plates in the inner flange, outer flange, and web region, as shown
in figure 1. According to euro code (BS EN, 1993-1-9) guidelines, the diameter of 8 bolt flange connections should be greater
than 75% of the total thickness of both inner and outer flange plates combined. The pitch and edge value dimensions for the
bolted connection are derived from the width, length, and thickness of the cover plates; for spiced connections using bolts,
the pitch (p) distance should be two times the edge (e) distance, ie. p>2e; otherwise, thicker cover plates should be used. The
dimensions of the cover plates used to create the models are as follows: the web plate measures 205 x 80 x 5 mm, the inner
flange plate measures 420 x 34 x 5 mm, and the outer flange plate measures 410 x 76 x 5 mm. Table 1 shows the pitch and
edge values based on these specifications.

Table 1. Splicing connection's edge and pitch values

Cover Edge-1 (el) Pitch-1 (p1) Edge-2 (e2) Pitch-2 (p2)

Plates (mm) (mm) (mm) (mm)
Inner Flange plate 51.00 102.00 - -
Outer Flange plate 15 45 51.00 102.00

Web plate 20 40 51.00 102.00
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MODEL 1 MODEL 2 MODEL 3 MODEL 4
Fig. 1. Designs for model specimens

Model-1 is designed as a simple non-bearing spliced connection with only two steel outer flange plates serving as cover
plates, and it is bolted to the two H-sections with 16 M8 steel bolts to form the test sample. Model-2 is built on the same
principles as model-1, but instead of two pairs of outer flange plates, two pairs of web plates are used as cover plates, and
model-2 is assembled with 20 M8 steel bolts. When model-1 and model-2 are compared, the transfer of load from the web
region and the importance of having a web cover plate can be derived due to the presence of a web plate and more bolts in
the joint. Model-3 is intended to reinforce the flange region of both H-sections connected by the spicing connection. As a
result, two outer flange plates and four inner flange plates are used as cover plates, and a total of 16 M8 bolts are used to form
the test samples, allowing a load transfer direction purely through the flange region of the H-section to be determined. Model-
4 has the highest number of cover plates and bolts, with 2 outer flange plates, 4 inner flange plates, two web plates, and a total
of 20 M8 steel bolts to form the connection. Model-4 is the most reinforced design of the four models, with load transfer
occurring in the web and flange region, utilizing the overall H-section. Because the testing is based on the design of a non-
bearing spliced connection, each sample has a splicing gap of 25mm. To determine the strength of an un-cut GFRP H-section
short column solely on the material property, 350mm length sections are cut and tested to determine the crushing or ultimate
load-bearing capacity of the material subjected to axial loading. This provides a baseline against which to calculate the increase
or decrease in strength of the connection in comparison to an un-cut structure.

A set of five samples is created and tested for each design, the cover plates and the H-section are clamped onto a drilling
table, and holes of 8.5 mm are drilled to accommodate the M8 8.8-grade bolts smoothly using a mechanical drill with a stencil
pointing at the bolt locations. According to euro code (BS EN, 15048-1) guidelines, the bolts are tightened to a torque value
of 28.84 Nm. The testing guidelines are based on euro code standards for testing connection designs (BS EN, 13706-3), and
a total of 25 samples are tested in this study. The fully assembled test sample is installed in an AMSLER compression testing
machine that is linked to an Avery 5000kN load cell controlled by hydraulic pressure. To avoid eccentric loading, the test
sample is carefully aligned to the centre of the base plate. To measure displacement readings of the specimen when subjected
to axial compression, a pair of Linear Variable Differential Transformers (LVDT) are placed on the front and back of the test
sample. To record the precise point of failure, ultimate load, and displacement values, the loading rate is set to 0.2 kN/reading.
Before testing each sample, the instruments used in this test are checked for proper working conditions and collaborated to
zero readings.

3. Results and Discussion

The load versus displacement graphs of the models were plotted based on compression testing machine readings and are
shown in Fig. 2. Using the load versus displacement graph, the stiffness value was calculated. The stiffness (K), force per
bolt, compressive strength, and bearing stress of the models were calculated and presented in Table 2 and Table 3.

MODEL 1 MODEL 2
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Fig. 2. Load versus displacement graphs of the models
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Table 2. Specimen’s characteristic properties of model 1 and model 2

Sample ID. Ultimate Failure displacement K Force Compressive  Bearing stress Mode of failure
load (mm) (KN/mm) per bolt strength (N/mm?)
(kN) (kN) (N/mm?)
Model-1
SGC-OFP-01 113.20 11.46 16.20 14.15 60.73 276.32 Bearing
SGC-OFP-02 112.70 11.54 16.10 14.09 60.46 275.10 Bearing
SGC-OFP-03 110.30 11.68 15.90 13.79 59.17 269.24 Bearing
SGC-OFP-04 109.50 11.75 15.80 13.69 58.74 267.29 Bearing
SGC-OFP-05 108.90 11.85 15.30 13.61 58.42 265.82 Bearing
Average 110.92 11.66 15.86 13.87 59.51 270.76
Model-2
SGC-OFP;WP-01 167.20 14.60 20.00 16.72 89.70 306.54 Bearing
SGC-OFP; WP-02 166.40 14.10 20.20 16.64 89.27 324.98 Bearing
SGC-OFP; WP-03 165.20 13.40 20.30 16.52 88.63 322.64 Bearing
SGC—OFP; WP-04 164.50 12.90 20.50 16.45 88.25 321.27 Bearing
SGC-OFP; WP-05 163.20 12.80 20.60 16.32 87.55 318.73 Bearing
Average 165.30 13.56 20.32 16.53 88.68 322.83

Table 3. Specimen’s characteristic properties of model 3 and model 4

Sample ID. Ultimate Failure K Force Compressive Bearing Mode of failure
load displacement (kKN/mm) per bolt strength stress
(kN) (mm) (kN) (N/mm?) (N/mm?)
Model-3
SGC-IFP;OFP-01 158.20 14.15 22.40 19.78 84.87 386.17 Bearing and net
tension
SGC-IFP; OFP-02 159.00 14.32 22.20 19.88 85.30 388.12 Bearing and net
tension
SGC-IFP; OFP-03 159.50 14.54 22.10 19.94 85.57 389.34 Bearing and net
tension
SGC-IFP; OFP-04 160.10 14.72 21.90 20.01 85.89 390.80 Bearing and net
tension
SGC-IFP; OFP-05 160.90 14.93 21.80 20.11 86.32 392.76 Bearing and net
tension
Average 159.54 14.53 22.08 19.94 85.59 389.44
Model-4
SGC-S-IFP;OFP;WP-B-01 213.20 11.28 26.10 21.32 114.38 415.95 Bearing and net
tension
SGC-S-IFP;0OFP;WP-B-02 212.40 11.35 25.60 21.24 113.95 41439  Bearing, net
tension, and
cleavage
SGC-S-IFP;OFP;WP-B-03 211.50 12.23 24.70 21.15 113.47 412.64  Bearing, net
tension, and
cleavage
SGC-S-IFP;OFP;WP-B-04 210.30 13.25 24.10 21.03 112.82 410.30  Bearing, net
tension, and
cleavage
SGC-S-IFP;OFP;WP-B-05 209.80 13.53 23.40 20.98 112.55 409.32 Bearing and net
tension
Average 211.44 12.33 24.78 21.14 113.43 412.52

In the model-1 test samples, the load transfer path from one segment of the connection to the other occurs only in the flange
region via the outer flange cover plates and 16 M8 8.8-grade bolts. The average ultimate load of test samples is 110.92 kN,
with a stiffness value of 15.86 kN/mm on average. This model's test samples had average bearing stress of 270.76 N/mm? per
bolt location and average compressive strength of 59.50 N/mm?. Fig. 3 depicts the failure mode of model-1 and model-2.
Model-1 samples bearing displacement lengths ranged from 3 mm to 12 mm, with the upper H-section having longer bearing
holes than the lower H-section. The load transfer path from one segment of the connection to the other occurs in both the
flange and web region of the model-2 test samples via the outer flange and web cover plates and 20 M8 8.8-grade bolts. The
ultimate load of the test samples is 165.30 kN, with a stiffness value of 20.32 kN/mm. The test samples from this model had
average bearing stress of 322.80 N/mm? per bolt location and average compressive strength of 88.68 N/mm? at failure. The
length of bearing displacement is recorded to range between 2 mm and 11 mm, and the lower H-section had longer bearing
holes than the upper H-section.
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Fig. 3. Failure modes observed in the model-1 and model-2

In the model-3 test samples, the load transfer path from one segment of the connection to the other occurs only in the
flange region via the inner and outer flange cover plates and 16 M8 8.8-grade bolts. The ultimate load of the test samples is
159.54 kN, with a stiffness value of 22.08 kN/mm. This model's test samples had average bearing stress of 389.44 N/mm? per
bolt location and average compressive strength of 85.59 N/mm?. Fig. 4 depicts the failure mode of model-3 and model-4. The
model-3 samples bearing displacement length ranged from 4 mm to 12 mm, with the lower H-section having longer bearing
holes than the upper H-section. In the model-4 test samples, the load transfer path occurs in both the flange and web region,
as well as 20 M8 8.8-grade bolts. The test samples' average ultimate load is 211.44 kN, with a stiffness value of 24.78 kN/mm.
The test samples from this model had average bearing stress of 412.52 N/mm? per bolt location and average compressive
strength of 113.43 N/mm? at failure. The length of bearing displacement was recorded to range between 2 mm and 8 mm, and
both the upper and lower H-sections had similar length bearing holes; however, the cleavage cracks that caused failure were
predominantly in the lower H-section flange, which displaced the connection's strength and the flange region's weakness. The
cleavage cracks formed in the flange region were also affected by the edge value of the bolted connection.
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Fig. 4. Failure modes observed in the model-3 and model-4
The un-cut GFRP short columns failed solely due to crushing, and all of the samples had large cracks, primarily at the
web and flange junction. The ultimate load and compressive strength of uncut short columns are shown in Table 4. The

average ultimate load is 227.74 kN, and the average compressive strength is 122.18 N/mm?.

Table 4. GFRP controlled sample characteristic properties

Specimen ID Ultimate load Compressive strength
(kN) (N/mm?)
1 230.90 123.87
2 228.50 122.59
3 227.30 121.94
4 226.40 121.46
5 225.60 121.03
Average 227.74 122.18

Table 5 shows the average ultimate loads of all the test models, with model-4 exhibiting the highest load tolerance
compared to the other three connection models. It should also be noted that the cracks seen in the model-4 test samples are
caused by net tension in the flange casing cleavage rather than bold bearing. As a result, failure can be attributed to the material
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properties of the GFRP H-sections rather than the strength of the connection. Model-4 specimens also had significantly higher
bearing strength compared to other models, as well as greater practical bearing resistance compared to calculated theoretical
bearing resistance. In comparison to the un-cut GFRP H-section short column, the model-4 specimen provided 92.83%
compressive strength.

Table 5. Summary of model characteristic properties

Model Ultimate load Compressive strength  Percentage Compressive Experimental Theoretical bolt
(kN) (N/mm?) strength to un-cut section  bolt bearing resistance bearing resistance
(%) (kN) (kN)
1 110.92 59.51 48.71 13.87 10.11
2 165.30 88.68 72.58 16.53 10.72
3 159.54 85.59 70.05 19.94 12.81
4 211.44 113.43 92.83 21.14 13.18

4. Conclusions

This experimental study investigates the behavior of 20 spliced GFRP no-bearing connections and 5 un-cut GFRP short
columns subjected to axial loading. All samples are tested by the BS EN 13706-3 guidelines for testing short columns.

e This experimental study identifies the key design principles that should be considered fundamental for designing
GFRP H-section short column non-bearing spliced connections, which are, and the absence of a web cover plate
increases the bearing in the flange region due to load transfer from one segment to the other using the flange region
only as the load path. This reduces the load-bearing capacity of the joint due to premature failure in the flange region.

e  Pitch and edge distances have a significant impact on the load-bearing capacity of the joint and the failure modes of
the structure. If the value of the connection's edge is large, the connection can be expected to fail due to bearing
failure; this is a valuable aspect in terms of robustness because bearing failure is not abrupt and sudden.

e  The test samples from model-4 displayed significant load-bearing capacity with a compressive strength of 92.83%
compared to an uncut GFRP short column subjected to axial loading. The joint in the model-4 samples had two outer
flange plates, four inner flange plates, two web plates, and 20 M8 8.8-grade bolts. The use of web plates and
reinforcement from flange plates in this model significantly reduces the length of bolt bearing and provides a load
path through the flange and web region, which contributes significantly to the joint's load-bearing capacity of 211.44
kN on average.

e Failure in model-4 samples was not sudden or abrupt, as evidenced by the load versus displacement graph of this
model; it can also be deduced that these test samples provided the least elastic deformation when compared to other
models, with an average stiffness of 24.7 kN/mm.

e  Although the un-cut GFRP short column had higher compressive strength than the samples from model-4, which
was approximately 7% higher on average, model-4 can be considered a good alternative for using or connecting short
columns in GFRP structures.

The study focuses solely on axial loading conditions on short column connections, but when implemented in real-time,
other eccentric loadings play an important role in the connection's strength. The load tolerance and characteristics of the
model-4 test samples were as good as or better than an un-cut GFRP short column. Further design improvements, such as
thicker cover plates, staggered bolt connections, increased edge value, and use of GFRP bolts to reduce bearing, should be
investigated.
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