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Highlights
What are the main findings?

e A finite element model combining Hashin’s failure criterion and fracture energy-based
damage evolution accurately predicted FRP joint behaviour, matching experiments
within 10%.

e  Delamination at the fillet radius governed failure, while cleat thickness and bolt size
increased stiffness by up to 15% without reducing strength.

What is the implication of the main finding?

e  The validated FEM provides a cost-effective tool for designing and optimising pul-
truded FRP beam-to-column joints.

o  The study supports reliable design guidelines for FRP structures, classifying the joints
as nominally pinned as per Eurocodes.

Abstract

This research addresses the critical gap in accurately modelling pultruded fibre-reinforced
polymer (FRP) beam-to-column joints, where previous studies largely ignored progressive
damage mechanisms. A novel finite element framework is developed in ABAQUS, inte-
grating Hashin’s failure criterion with fracture energy-based damage evolution to simulate
delamination and brittle failure in FRP cleats. The model is rigorously validated against full-
scale experimental data, achieving close agreement in moment-rotation response, initial
stiffness (within 5%), and ultimate moment capacity (variation < 10%). Quantitative results
confirm that delamination at the fillet radius governs failure, while qualitative analysis
reveals the sensitivity of stiffness to cleat geometry and bolt characteristics. A parametric
study demonstrates that increasing cleat thickness and bolt diameter enhances stiffness up
to 15%, whereas bolt-hole clearance introduces slip without significantly affecting strength.
The validated FEM reduces reliance on costly physical testing and provides a robust tool
for optimising FRP joint design, supporting the future development of design guidelines
for pultruded FRP structures.

Keywords: FRP connections; finite element analysis; bolted joints; Hashin’s damage
criterion; delamination; fracture mechanics

1. Introduction

Fibre-reinforced polymer (FRP) materials are increasingly used in structural engineer-
ing due to their high strength-to-weight ratio, corrosion resistance, and durability [1,2].
Pultruded FRP profiles, manufactured through a continuous process, offer consistent
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mechanical properties, making them suitable for structural applications such as bridges,
buildings, and offshore platforms [3]. Despite these advantages, the adoption of FRP
structures remains limited due to a lack of established design guidelines and uncertainty
regarding their long-term performance [4].

A critical challenge in FRP structures is the design of bolted beam-to-column connec-
tions, which significantly influence overall frame stability and load transfer [5]. Unlike
steel joints, FRP joints exhibit different failure mechanisms, including delamination and
fibre-matrix debonding, which affect their moment-rotation behaviour [6]. Experimental
studies have provided valuable insights into the performance of FRP connections [7-9].
However, physical testing is time-consuming and costly. Finite element modelling (FEM)
offers an efficient alternative to predict joint behaviour and reduce experimental depen-
dencies [3]. A detailed review of fibre-reinforced polymer joints is presented in the first
author’s well-known paper [10].

Several researchers have investigated the behaviour of pultruded fibre-reinforced
polymer (FRP) beam-to-column connections using finite element modelling (FEM) ap-
proaches. The main focus of these studies has been on modelling linear—elastic anisotropic
behaviour of FRP materials without considering progressive damage. Eskenati et al. [11]
examined adhesively bonded and bolted connections in pultruded glass FRP profiles by
assuming linear—elastic behaviour and transverse isotropy within ABAQUS. Progressive
damage was not considered. The GFRP profiles were connected 120°or 160° to represent
arched structures for tunnelling applications. The joints” arrangement was not typical
beam-to-column joints.

The pin-bearing strength of FRP plate-to-plate connections has been investigated
experimentally [12] and numerically by Coelho and Mottram [13]. The FRP plates were
modelled as stacked continuum shell elements. In this approach, the FRP plate was repre-
sented as a laminate comprising 11-14 stacked layers with varying properties. These layers
consisted of continuous filament mat and unidirectional glass fibre rovings, with adhesive
elements introduced between successive layers. Distinct material properties were defined
for each layer. This modelling technique provides a sufficiently accurate representation for
small-scale models; however, its application to structural FRP frames and beam—column
joint sub-assemblies would be challenging due to the associated computational demands.
The cyclic behaviour of steel-reinforced concrete beam-column joints has been investigated
both experimentally and numerically in the research by Duan et al. [14]. Similarly, for
pultruded FRP beam-to-column joints, cyclic behaviour has been examined experimentally
by Qureshi et al. [15].

Recent studies have highlighted the challenges associated with achieving efficient and
reliable connections in pultruded FRP frames. Tang et al. [16] conducted a comprehensive
state-of-the-art review of beam—column joints, noting that most joints exhibit pinned or
semi-rigid behaviour with limited strength utilisation, and that current design guidelines
lack sufficient provisions for joint design. This demonstrates the need for improved
modelling and design methods. Complementing this, Ascione et al. [17] proposed a novel
ductile hybrid connection combining bonded FRP members with bolted steel elements
designed to be weaker than the FRP profiles. Their experimental work demonstrated that
this approach provides adequate stiffness, resistance, and significantly enhanced ductility,
while ensuring repairability through replaceable steel components. Together, these studies
underline the importance of developing reliable numerical models and innovative joint
solutions—objectives that are directly addressed in the present research.

Despite advancements, limited research exists on finite element analysis of FRP joints
using progressive collapse methods [4,18]. Most previous studies focused on experimental
investigations, leaving a gap in numerical modelling approaches. Considering the highly
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anisotropic nature and the linear—elastic, brittle behaviour of FRP materials, there has been
limited success in effectively modelling FRP shapes and systems. Developing reasonably
accurate FEM models is essential to predict stiffness, moment resistance, and failure modes
in FRP joints. The application of Hashin’s damage criterion and progressive damage
modelling can improve the accuracy of these simulations.

This study aims to develop and validate an FEM model for bolted beam-to-column FRP
joints using ABAQUS. The model is designed to predict moment-rotation behaviour, initial
stiffness, and delamination crack initiation. A parametric study investigates the effects
of cleat size, bolt size, and hole clearance. The findings will provide a reliable numerical
framework for FRP structural design, reducing reliance on costly experimental testing.

2. Finite Element Model—Validation

Full-scale tests on pultruded fibre-reinforced polymer (FRP) beam-to-column joints
from Qureshi and Mottram [18] are used to validate the three-dimensional finite element
model. The finite element model, including boundary conditions, material properties,
loading configuration, and analysis procedure, is described below.

2.1. Description of Experimental Setup

The experimental arrangement [18] shown in Figure 1 is used to validate the finite
element (FE) model. The setup features a major-axis beam-to-column joint, where two
cantilever beams are connected to a central column using a pair of web cleats. Vertical load
is applied at the free ends of the back-to-back beams.

Figure 1. Photograph of back-to-back beam-to-column joint sub-assembly [18].

Both the beams and the column are 1500 mm long and consist of wide flange (WF)
sections with dimensions of 254 x 254 x 9.53 mm. The web cleats, 192 mm in height,
are cut from an equal angle. The connection incorporates an equal-leg angle web cleat
with dimensions of 100 x 100 x 9.53 mm, where the leg lengths are 100 mm each and
the thickness is 9.53 mm. The reinforcement in the cleats is aligned with the direction of
the applied shear force. The reinforcement in the cleats refers to the unidirectional glass
fibres embedded within the pultruded GFRP material, which are aligned parallel to the leg
length of the cleats to replicate the actual manufacturing orientation. The beam centreline is
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positioned 1094 mm above the base of the column. The column base rests on a steel rocker
fixture that permits in-plane rotation, justifying the assumption of a pinned connection.
This pinned support ensures equal loading on both beams during testing. All dimensions,
general arrangement of the test, and connection detailing are presented in Figure 2.
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Figure 2. Schematic diagram of beam-column joint test—all dimensions are in mm [18]: (a) test setup
using back-to-back cantilever beams and (b) connection detailing for beam-to-column joints.
2.2. Geometry

The beam-to-column joint geometry was modelled in ABAQUS by creating individual
parts in the Parts module and assembling them in the Assembly module.
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2.2.1. Beam and Column

The beam and column were modelled as three-dimensional deformable solid parts
representing pultruded I-sections. Each component was defined with the required ge-
ometric dimensions and fillet radii between the web and flanges to replicate the actual
cross-sectional shape. The sections were extruded to the specified length along the global
Z-direction.

2.2.2. Web Cleat

Web cleats were represented as equal-leg angle sections modelled using three-
dimensional deformable solids. The geometry included rounded internal corners to reflect
the manufactured fillet curvature. The cleats were extruded to their required length consis-
tent with the experimental configuration.

2.2.3. Steel Bolts

Steel bolts were modelled as solid cylindrical elements created through revolution to
represent their full three-dimensional geometry. The bolts were assigned the appropriate
steel material properties and positioned through the cleat and beam web holes to replicate
the bolted joint assembly.

2.2.4. Steel Loading Plate

The loading plate was modelled as a rectangular solid with sufficient thickness to
ensure uniform load transfer. All components were positioned and aligned to form the
complete beam-to-column joint assembly for analysis.

2.3. Material Properties

The Material module was used to define the mechanical properties of the model,
including elastic, plastic, and damage criteria.

2.3.1. FRP Beam, Column, and Cleats—Elastic Properties

The elastic properties of the composite are defined using engineering constants. For
composites, isotropic elastic constants are insufficient to describe directional behaviour.
Therefore, fibre-reinforced directional properties are introduced through engineering con-
stants, lamina properties, or orthotropic material definitions to capture the anisotropic
nature of the material.

Although density does not influence static analyses, it was included in the material def-
inition to allow for dynamic or quasi-static applications if required. The elastic engineering
constants for the different profiles are presented in Table 1.

Table 1. Elastic material properties for FRP profiles and cleats from Creative Composites [19].

Material Property Input Value
Density (tonne/ mm?) 2.1 x107?
Young’s Modulus, E; (N/mm?) 29,000

Young’s Modulus, E; = E3 (N/mm?) 8600
Poisson’s Ratio, vip = v13 0.35
Poisson’s Ratio, vp3 0.12
Shear Modulus, Gy, = Gi3 (N/mm?) 3000
Shear Modulus, G»3 (N/mm?) 3400

In Table 1, the elastic properties of the pultruded FRP profiles are defined using
orthotropic engineering constants to accurately represent the anisotropic mechanical be-
haviour of the material. The Young’s modulus in the longitudinal direction (E;) corresponds
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to the stiffness along the primary fibre axis, which governs the load-bearing capacity of the
profile. The transverse moduli (E; and E3) represent the stiffness in directions perpendicular
to the fibres, typically influenced by the resin and mat layers.

Poisson’s ratios v1; and v13 describe the lateral strain in the transverse directions when
the material is stretched longitudinally, while v,3 captures the interaction between the
transverse and through-thickness directions. The shear moduli Gy, and G13 quantify the
resistance to shear deformation in planes involving the fibre direction, and G3 represents
shear stiffness in the transverse-through-thickness plane. These parameters are essential
for capturing the directional stiffness and deformation characteristics of pultruded FRP
materials in finite element simulations.

2.3.2. FRP Beam, Column, and Cleats—Damage Properties

The Hashin failure criterion was adopted to model the progressive damage behaviour
of fibre-reinforced polymer (FRP) composites under various loading conditions. This crite-
rion distinguishes between the following four primary failure modes: fibre tension, fibre
compression, matrix tension, and matrix compression. It provides a comprehensive frame-
work for simulating the initiation and evolution of damage in pultruded GFRP materials.

Damage evolution was defined based on fracture energy values obtained from stan-
dard ASTM tests, enabling realistic representation of post-failure softening. A small sta-
bilisation parameter was introduced to prevent numerical instabilities during simulation,
with its value maintained below the minimum time increment to ensure convergence
and stability.

The implementation of the Hashin model allows accurate prediction of both failure ini-
tiation and propagation in GFRP joints subjected to complex loading conditions. Although
the present study focuses on monotonic loading, future research will extend the validated
Hashin damage model to cyclic and seismic scenarios to assess its robustness under dy-
namic conditions. The adopted Hashin damage parameters for the model components are
summarised in Tables 2—4.

Table 2. Hashin damage for FRP beam and column flange from Creative Composites [19].

Material Property Input Value
Longitudinal Tensile Strength (N /mm?) 275
Longitudinal Compressive Strength (N/mm?) 315.7
Transverse Tensile Strength (N/mm?) 95
Transverse Compressive Strength (N/mm?) 1224
Longitudinal Shear Strength (N/ mm?) 60
Transverse Shear Strength (N/ mm?) 27.5

Table 3. Hashin damage for FRP beam and column web from Creative Composites [19].

Material Property Input Value
Longitudinal Tensile Strength (N/mm?) 208.3
Longitudinal Compressive Strength (N/mm?) 257.8
Transverse Tensile Strength (N/ mm?) 72.2
Transverse Compressive Strength (N/mm?) 97.6
Longitudinal Shear Strength (N/mm?) 48.3

Transverse Shear Strength (N/ mm?) 234
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Table 4. Hashin damage for FRP leg angles (web cleats) from Creative Composites [19].

Material Property Input Value
Longitudinal Tensile Strength (N/ mm?) 215
Longitudinal Compressive Strength (N/ mm?) 270
Transverse Tensile Strength (N/mm?) 115
Transverse Compressive Strength (N/ mm?) 175
Longitudinal Shear Strength (N/ mm?) (Full section) 48.3
Longitudinal Shear Strength (N/mm?) (through heel of angle) 234
Transverse Shear Strength (N/ mm?) 234

Tables 2—4 present the Hashin damage parameters used to model progressive failure
in the pultruded FRP components of the beam—column joint. These tables list the tensile,
compressive, and shear strengths in both longitudinal and transverse directions for various
parts of the joint: Table 2 corresponds to the flange regions of the beam and column,
Table 3 to the web regions, and Table 4 to the web cleats (equal-leg angle sections). The
variation in strength values reflects the directional nature of the pultruded FRP material,
which consists of continuous unidirectional fibres and mat layers. Accurate definition of
these parameters is essential for capturing the onset and evolution of fibre and matrix
failures under different loading conditions, as governed by Hashin’s failure criterion in the
finite element model.

2.3.3. Steel Bolts and Loading Plates

A bilinear elastic—perfectly plastic material model was used to define the behaviour of
the steel components. The initial linear portion of the stress—strain curve was characterised
by the elastic modulus up to the yield stress, beyond which the material was assumed to
behave as perfectly plastic until the ultimate stress was reached. This approach effectively
represents the elastic—plastic response typical of structural steel.

Both the bolts and loading plates were modelled as steel components exhibiting
elastic—plastic behaviour. A density of 7.85 x 10~ tonne/mm?3 and a modulus of elasticity
of 210 GPa were assigned to all steel parts. The loading plates were modelled using
5355 structural steel, while the bolts were defined as grade 8.8 high-strength steel. The
detailed material properties for both components are provided in Tables 5 and 6.

Table 5. Steel Grade 355 for loading plates plastic material properties [20].

Yield Stress (N/mm?) Plastic Strain
355 0
470 0.2

Table 6. Steel Bolt Grade 8.8 plastic material properties [20].

Yield Stress (N/mm?) Plastic Strain
640 0
800 0.178

2.4. Assembling Individual Parts

The beam, column, web cleats, bolts, and loading plates were modelled as separate
components and assembled to replicate the geometry of the experimental beam-to-column
joint. The parts were precisely aligned to ensure accurate representation of the physical
joint. Reference points were introduced at the loading locations to simulate the positions of



Fibers 2025, 13, 151

8 of 22

the hydraulic jacks used in the experimental tests. This process produced a complete three-
dimensional model of the pultruded GFRP beam-to-column joint, as shown in Figure 3.

bad Point

Beam 1- Load Point

Figure 3. Beam-to-column joint after assembling all parts including loading plates.

2.5. Defining Analysis Steps

Both static and cyclic analyses were performed to evaluate the behaviour of the beam-
to-column joint. The analysis procedure included the following three stages: an initial
step, a bolt preload step, and a static general loading step. A bolt preload of 12.5 kN was
applied to ensure proper contact between the connected surfaces, representing a finger-
tight condition consistent with experimental practice. Non-linear analysis settings were
used to capture material and contact nonlinearities during loading. Relevant field outputs,
including stress, strain, and damage variables, were recorded for subsequent evaluation of
the composite and fracture responses.

2.6. Defining Contact Interactions

Contact interactions between all connecting surfaces were modelled using a penalty
frictional formulation with a hard contact pressure—overclosure relationship. A constant
friction coefficient of 0.2-0.3 was used between the GFRP and steel surfaces; however,
pressure-dependent friction variations observed in FRP—steel interfaces were not considered.
This simplification is acknowledged as a limitation.

Tie and coupling constraints were applied to simulate the bonded and rigid connec-
tions between components. The loading plates were rigidly connected to reference points,
where loads and displacements were applied to replicate the experimental conditions. This
approach ensured accurate load transfer and realistic simulation of the beam-to-column
joint behaviour under applied loading.
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2.7. Boundary Conditions and Load Application

The model configuration included a central column with a rocker-base pinned support
and two beams connected perpendicularly on either side. The rocker base allowed free
rotation about the x-, y-, and z-axes, providing a realistic pinned boundary condition. Trans-
lational degrees of freedom at the column base were fully restrained to prevent movement.

Loading was applied simultaneously to both beams as downward displacements in
the negative y-direction, replicating the experimental setup. Reference points were defined
at the loading locations to control displacement and rotation. A vertical displacement of
—50 mm was applied incrementally at each loading point to simulate the experimental
loading sequence and capture the non-linear response of the joint.

2.8. Meshing and Mesh Sensitivity Analysis

The finite element (FE) models were developed and simulated using the commercial
analysis software ABAQUS 6.17. The parts created included the following: (i) GFRP
pultruded beam, (ii) GFRP pultruded column, (iii) GFRP web cleats, (iv) flange and web
bolts (M16 grade 8.8 steel), and (v) steel loading plates. All parts were modelled with the
exact sizes and dimensions used in the experimental study.

2.8.1. Meshing

Pultruded GFRP elements were meshed with eight-node continuum shell elements
with reduced integration and default hourglass control (SC8R). Each ply was defined with
three integration points through the thickness. The composite layups (consisting of rovings
and mats) were treated as continuum shell elements, discretised into three-dimensional
bodies. These elements possess only displacement degrees of freedom, but kinematic and
internal energies contribute to their behaviour. As in conventional shell elements, stresses,
strains, and damage variables were calculated at the integration points of each ply. Ply
thickness was defined by the nodal spacing in the normal direction.

Steel parts, such as bolts and loading plates, were meshed with eight-node solid
elements with reduced integration and default hourglass control (C3D8R). To reduce
computational complexity, the steel components were assumed to be elastic isotropic, as
the focus of the study was on the behaviour of the GFRP beam-to-column connection.

The GFRP beams were meshed with an element size of 15 x 15 mm, except at the
web—flange junctions, where a finer mesh of 5 x 5 mm was applied. Each beam contained
7224 elements and 21,980 nodes. For two cantilever beams, this resulted in 14,448 elements
and 43,960 nodes. Web cleats were meshed with 15 x 15 mm elements, except at the fillet
radius (5 mm). Each cleat had 3004 elements and 9658 nodes; four cleats were used in total,
giving 12,016 elements. Web bolts were meshed with a 2 mm size, producing 2944 elements
per bolt. With six web bolts, the total was 17,664 elements. Flange bolts were meshed with
the same 2 mm size, giving 2480 elements per bolt. With twelve flange bolts, this resulted in
29,760 elements. Each loading plate, meshed with 15 x 15 mm elements and 1 mm depth,
contained 289 elements, giving 598 elements for both plates. In total, the complete model
contained 81,712 elements. All meshed parts are shown in Figure 4.

Interfaces between the GFRP beam, the column base support, and the loading plates
were defined using surface-to-surface contact with hard normal behaviour and a tangential
friction coefficient of 0.2, minimising potential convergence issues due to prying action.
The interface between the loading plates and the cantilever beams was defined using tie
constraints, with appropriate degrees of freedom restrained. Loading was applied directly
to the steel plates as displacement in the negative y-direction.
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(e) (f)

Figure 4. Meshing individual parts of beam-to-column sub-assembly: (a) FRP beam with bolt holes;
(b) FRP column with bolt holes; (c) steel bolt for beam web; (d) steel bolt for column flange; (e) FRP
web cleat (leg-angle connecting beam with column); and (f) steel loading plate.

2.8.2. Mesh Sensitivity Analysis

Meshing is a critical stage in ABAQUS for achieving accurate and convergent results.
While straight-edged geometries are relatively simple to mesh, curved edges, fillets, and
bolt geometries require additional partitioning. The partitioning technique was, therefore,
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applied to subdivide the complex geometries into simpler sections, which were then
meshed using the sweep method and medial axis algorithm.

Each part was meshed separately. Beams, columns, web cleats, and loading plates were
meshed with global sizes of 7.5 mm and 15 mm, whereas bolts, being smaller components,
were meshed with a 2 mm size. The finer 7.5 mm mesh produced results within 5% of the
15 mm mesh, but with a significantly higher computational cost. Therefore, the 15 mm
mesh was adopted for the main model.

Mesh controls were assigned using hex or hex-dominated elements where possible,
with structured or sweep techniques applied depending on geometry. Hourglass control
was set to the enhanced /default method. Element deletion was enabled to simulate damage
progression in the GFRP material using the Hashin damage criterion, capturing tensile and
compressive fibre and matrix failures.

Finally, seeding was applied to activate meshing for each part and ensure consistent
discretisation. The final meshed model of beam—column joint is shown in Figure 5.

Figure 5. Final meshed finite element model for FRP beam~-column sub-assembly.

2.9. Job Definition and Simulation

The finite element analyses were executed using the ABAQUS solver with double-
precision settings to ensure numerical accuracy. The input files were verified prior to execu-
tion to confirm model integrity and convergence stability during the simulation process.

2.10. Visualisation and Result Extraction

Following the analysis, results were extracted from the output database to evaluate
the structural response of the joint. Load-displacement and moment-rotation relationships
were derived from the numerical output to compare with experimental findings.

Failure modes were examined by inspecting stress and damage distributions within
the web cleats. The Hashin damage outputs provided detailed insight into the initiation
and propagation of fibre and matrix failures, allowing assessment of localised damage
development in the joint configuration.

2.11. Validaiton with Experiments

This section presents the numerical results of the simulation, illustrating the configu-
ration and behaviour of the GFRP beam-to-column joint reinforced with GFRP web cleats.
The analysis aims to assess both the linear and non-linear moment-rotation response, as
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well as the progressive damage predicted by Hashin’s failure criterion. The numerical
results, including moment-rotation (M-¢) curves, are compared with the experimental data
reported by Qureshi and Mottram [18] to validate the numerical model.

2.11.1. Moment Versus Rotation Curves

Static non-linear analysis was performed to determine the moment resistance capacity,
the initial stiffness (S;), and the ultimate moment (Mp,x). The initial stiffness was calculated
using the expression S; = M;/¢;, where M; and ¢; correspond to the moment and rotation
at the linear stage of the connection. The analysis also provided the maximum rotation
(¢max) and the failure modes of the joint, including the delamination points of the sections.
Bolt loads and stresses were not included, as the model focuses on the behaviour of the
GFRP pultruded sections (beams, columns, and web cleats).

Figures 6 and 7 present the M-¢ curves for the numerical and experimental results
for the left- and right-side joint, respectively. For left-hand joints, the maximum moment
(Mmax) from the numerical analysis was approximately 1.78 kNm compared to 1.76 kNm
in the experiment, representing a variation of around 5%. The maximum rotation (¢max)
was 42.70 mrad numerically, slightly higher than the experimental value of 41.20 mrad, a
difference of approximately 2%.
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0.0 T T T T T |
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Figure 6. Experiment versus numerical moment-rotation curve for left-side joint.
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Figure 7. Experiment versus numerical moment-rotation curve for right-side joint.

The right-hand curve illustrates the maximum moment capacity as approximately
1.80 kNm for both the numerical and experimental results. When comparing the maximum
rotation, the numerical value of 49.17 mrad shows a small variation from the experimental
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value of 50.25 mrad. The moment-rotation behaviour on both the left and right sides
from the FE analysis show close agreement with the experimental results. The damage
onset is shown by a circle and square symbol in Figures 6 and 7. Both the numerical and
experimental results show a 10% variation in the onset of damage in web cleats.

2.11.2. Delamination and Failure Modes

The failure modes and patterns observed in the numerical models closely matched
those in the experimental setups, although the fracture values in the experiments are slightly
lower than those predicted numerically. Failure was predominantly governed by shear
stresses, and Hashin’s failure criterion captured compression, tension, fibre, and matrix
failures in the numerical simulation. In the model, damaged elements are colour-coded, as

follows: red indicates fully damaged elements (D = 1.0), while blue represents undamaged
elements (D = 0.0), as seen in Figures 8-11.
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Figure 8. Hashin’s compressive fibre failure at web cleat top.
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Figure 9. Hashin’s tensile fibre failure in the vicinity of web cleat hole.
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Figure 10. Hashin’s compressive matrix failure at web cleat.
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Figure 11. Hashin’s tensile matrix failure at the top fillet radius of the web cleat.

In the experimental setup, a hairline crack was observed at the top fillet radius of
the web cleats following the initial stiffness (S;) in the linear region. The stiffness reduced
as non-linearity developed in the moment-rotation curve. Similarly, in the numerical
simulation, delamination occurred at the top fillet radius of the web cleat, although the

numerical values differed slightly. According to Hashin's criterion, tension failures were
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typically complete, while compression failures were partial (D = 0.5 - 0.75). Matrix and
fibre failures were fully developed with D = 1.0. Compressive and tensile damage in web
cleats is presented in Figures 8-11.

The predicted failure modes in the numerical model closely matched those observed
experimentally, with both exhibiting delamination at the fillet radius of the web cleats and
progressive fibre/matrix failures. Minor discrepancies were noted in the extent of matrix
cracking, which may be attributed to local manufacturing imperfections not captured in
the model. The anisotropic behaviour of pultruded FRP was explicitly accounted for by
defining orthotropic elastic properties and implementing Hashin’s progressive damage
criterion. This approach enabled differentiation between fibre tension/compression and
matrix tension/compression failures, ensuring realistic simulation of damage initiation and
evolution under complex loading conditions.

Overall, the numerical and experimental results were in close agreement, with vari-
ations below 10%. The validated numerical model was, therefore, used for subsequent
parametric studies to investigate moment-rotation behaviour, joint stiffness, and potential
improvements to the GFRP pultruded beam-to-column joint configuration.

3. Parametric Study

A parametric study was conducted by varying the connection geometry, bolt size,
and bolt-hole clearance. The aim was to examine, in detail, the behaviour of the FRP
pultruded beam-to-column connection with FRP web cleats by adjusting key parameters
that influence its performance. This examination sought to evaluate the effects of these
parameters on stiffness, strength, ductility, and failure modes and to assess the sensitivity
of the connection response to such variations.

In general, several connection techniques exist for structural joints. Welded con-
nections are common in steel structures but are not feasible for FRP frames, as the heat
generated during welding would damage the glass fibres and resin in pultruded elements.
Bonded connections have been reported in the literature—for example, by Zheng [21]—as
adequate for pultruded FRP sections, providing uniform stress transfer. However, their
long-term durability is uncertain, which makes them less suitable for FRP applications.
Consequently, bolted connections, adapted from steel structures, are widely used. In such
connections, bolt-hole clearance plays a key role in accommodating stresses around the
bolt holes.

Previous studies [4,22-24] identified the following three key parameters influencing the
behaviour of bolted FRP joints: connection geometry, bolt size, and bolt-hole clearance. In this
study, the connection geometry, fibre orientation, and bolt-hole clearance were systematically
varied to evaluate their influence on the performance of the beam-to-column joint.

3.1. Connection Geometry

In this parametric study, the overall connection configuration and dimensions were
modified to reflect the availability of commercially produced sections for potential future
applications. The lengths and widths of the FRP beam and column sections were kept
constant, while the size and thickness of the web cleat leg angle were varied. For this
numerical simulation, an equal-leg angle web cleat of 150 x 150 x 12.7 mm was used,
whereas the experimental beam-to-column tests in Qureshi and Mottram [18] employed a
100 x 100 x 9.53 mm web angle.

The model was designated as Wm;j254_3M16_Wc150 (where WC denotes web cleat),
representing a major-axis beam-to-column joint with a 254 x 254 x 9.53 mm wide-flange
FRP section, connected using three M16 grade 8.8 bolts and a 150 x 150 x 12.7 mm
web cleat.
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The moment-rotation (M-¢) curve for the model Wm;j254_3M16_WC150, shown in
Figure 12, represents the joint with a 150 x 150 x 12.5 mm equal-leg angle web cleat.
For this configuration, damage initiation was observed in the left beam at a rotation of
approximately 8.9 mrad and a moment of about 0.78 kNm. Non-linearity began at around
0.68 kNm, with no delamination detected up to that point. The subsequent drop in moment
indicates creep relaxation in the web cleats, followed by progressive damage. At the same
stage, the right beam exhibited a rotation of 6.8 mrad with a corresponding moment of

approximately 0.7 kNm.
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Figure 12. Moment-rotation behaviour for the model Wmj254_3M16_WC150.

The M-¢ responses of both joints (left and right) remained comparable until delami-
nation of the FRP material occurred. The failure was attributed to extensive delamination
damage at the top of the web cleats, particularly around the fillet radius. The initial stiffness
(S;) for this configuration was obtained directly from the numerical curve. In ABAQUS,
bolt and hole effects are automatically accounted for, eliminating the need for slip-rotation
compensation, which was necessary in the experimental tests.

These results, together with the M-¢ response, indicate that the failure moment in
this case is slightly higher than that of the control experiment. Therefore, increasing the
thickness of the web cleats enhances the initial stiffness (S;), although the ultimate failure
remains governed by delamination.

3.2. Bolt Size

In the experimental setup [18], M16 grade 8.8 bolts with 3 mm thick washers were
used. For this parametric study, the bolts were replaced with M18 grade 8.8 bolts while
retaining the 3 mm thick washers to study the behaviour of joints with a different bolt size.
The model was designated as Wmj254_3M18_BS (Bolt Size).

The moment-rotation (M-¢) curve for the model Wmj254_3M18_BS, shown in
Figure 13, illustrates the joint configuration with three M18 grade 8.8 bolts and 3 mm
thick washers. The connection comprised two cantilever beams and a central column of
254 x 254 x 9.53 mm, connected using 100 x 100 x 9.53 mm equal-leg angle web cleats.
The only alteration in this configuration was the increase in bolt size, which also required
an increase in hole diameter with the appropriate clearance.
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Figure 13. Moment-rotation behaviour for the model Wmj254_3M18_BS.

For this model, damage initiation in the left beam was observed at a rotation of
approximately 8.9 mrad and a moment of 0.79 kNm. Non-linearity began at around
0.75 kNm, and a delamination point occurred early at a low moment. This was attributed to
the larger bolt diameter, where significant pre-tension in the shank caused brittle behaviour.
On the right beam, delamination onset was recorded at around 0.87 kNm and 11.7 mrad.

Slip rotation was detected in the FEM simulation but compensated automatically by
the convergence solver, and the corrected response was obtained. The ultimate moment
resistance reached approximately 2.5 kNm for the left side and 1.8 kINm for the right side.
From the M-¢ curve, the initial stiffness (5;) was determined, along with the initial moment
(M;) and initial rotation (¢;) prior to delamination. Failure occurred at the top of the web
cleats, concentrated around the curvature of the fillet radius.

The fluctuation observed in Figure 13 represents a temporary stiffness variation caused
by slip rotation and bolt pre-tension effects. Larger bolt diameters increase localised pres-
sure at the bolt-hole interface, leading to a brief reduction in stiffness followed by recovery
as the joint redistributes load. This phenomenon highlights the sensitivity of FRP joints to
bolt size and clearance, particularly in the early non-linear stage prior to delamination.

When considering bolt size as the key parameter, slip rotation would typically be
expected. However, no significant slip was observed in this case. This finding aligns with
the observations of Qureshi and Mottram [18], who noted that slip rotation represents
a critical consideration in the design of simple pultruded FRP joints, requiring careful
preparation and allowance in practical applications.

3.3. Bolt—Hole Clearance

In the parental model used for experimental validation, the bolt-hole clearance was
defined as 0 mm in the beam and 1 mm in the column flange to facilitate assembly of the
joint components. In this parametric study, the clearance was increased by 1 mm, giving
2 mm, clearance in the column flanges while maintaining 0 mm clearance in the beam. The
model was designated as Wm;j254_3M16_BC2.0 (bolt-hole clearance).

The moment-rotation (M-¢) curve for the model Wm;j254_3M16_BC2.0, shown in
Figure 14, illustrates the same connection configuration used to validate the numerical
model. The joint consisted of a 254 x 254 x 9.53 mm cantilever beam and column made of
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GFRP pultruded sections, connected with 100 x 100 x 9.53 mm equal-leg FRP angles. In
the experiment, M16 grade 8.8 steel bolts were used; in this parametric model, the alteration
introduced was a bolt-hole clearance of 2 mm on both the beam web and the column
flange, following observations by Zheng [21] that bolt-hole clearance significantly affects
the moment-rotation response and initial stiffness.
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Figure 14. Moment-rotation behaviour for the model Wmj254_3M16_BC2.0.

Damage initiation in this model was observed at a moment of approximately 0.88 kNm
and a rotation of 7.80 mrad on the left beam. On the right beam, the onset occurred at
around 0.69 kNm and 6.9 mrad. Slip rotation due to bolt-hole clearance was present,
arising from prying action, but this effect was automatically compensated by the non-linear
convergence solver in ABAQUS.

The ultimate moment resistance showed no significant variation, reaching 1.60 kNm
and 1.80 kNm for the left and right beam, respectively. The initial stiffness (S;) values were
obtained from the M-¢ curves, along with the initial moment (M;) and rotation (¢;) values
prior to delamination. The failure mode was consistent with other numerical models, with
delamination occurring at the fillet curvature radius of the web cleats.

3.4. Joint Properties

The primary objective of each numerical model was to evaluate the joint properties,
including parametric models where key factors were altered to examine their influence
on the joint behaviour and the moment resistance of GFRP pultruded sections. The maxi-
mum and minimum values of the initial stiffness (S;) were calculated using the relation
(Si = M;/ ¢;), where M; and ¢; are obtained from the linear region of the M—¢ curve.

The damage onset properties, defined as the moment (M), rotation (¢;), and stiffness
(5j) at the point where material failure was first observed, were also recorded. In addition,
the maximum moment capacity (Mmax) and the corresponding maximum rotation (¢max)
were identified for each joint configuration.

In Tables 7-9, the results of the three numerical models with different key factors
influencing the joint properties of the connection are summarised from their respective
simulations and moment-rotation curves. For all three models, the initial moment (M;)
was found to be approximately 0.8 kNm, with a coefficient of variation (CV) of less than
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5%. The average maximum moment capacity (Mmax) recorded at failure was 2.48 kNm,
2.04 kNm, and 1.71 kNm for the modified web cleat thickness and size, bolt size, and
bolt-hole clearance models, respectively, with CV < 10%. These results indicate that the
introduced parametric changes did not significantly alter the overall moment resistance of
the beam-to-column connection configuration.

Table 7. Joint properties for Wmj254_3M16_WC150 beam-to-column joint configuration.

: M; ¢ Si =M/ i M; P Sj = M;/ ¢; Mmax Pmax
Specmgi‘ Label (KN m) (mrad) (kN m/rad) (kN m) (mrad) (kNm/rad) (KNm)  (mrad)
2 @) 4 ®) (6) @) ® )
Wmj254_3M16_WC150 (Left) 0.75 7 107 0.93 13.3 70 2.45 40.4
Wmj254_3M16_WC150 (Right) 0.71 6.9 103 0.96 15.8 61 2.51 42.8
Mean of 2 0.73 6.95 105 0.95 145 66 2.48 41.6
(@AY 3.8% 1% 2.7% 2.4% 12% 9.7% 1.7% 4%
Table 8. Joint properties for Wmj254_3M18_BS Beam-to-column joint configuration.
: M; i Si =M/ i M j Sj = Mj/ ¢; Mmax Pmax
Spe““g;‘ Label (KN m) (mrad) (KN m/rad) (KN'm) (mrad) (kNm/rad) (kNm)  (mrad)
(2 3 4 ®) (6) @) (8 )
Wm;j254_3M18_BS (Left) 0.75 7.2 104 0.95 13.4 71 2.03 40.4
Wmj254_3M18_BS (Right) 0.7 7 100 0.87 11.70 74 2.04 48.7
Mean of 2 0.725 7.1 102 0.91 12.5 72.5 2.035 445
Cv 4.9% 2% 2.8% 6.2% 9.6% 6.9% 0.3% 13.1%
Table 9. Joint properties for Wm;j254_3M16_BC Beam-to-column joint configuration.
: M; o Si=M;/¢; M; j Sj = M/ ; Mimax Pmax
Spe““g;‘ Label (Nm)  (mrad) (KNm/rad)  (kNm) (mrad)  (KNm/rad) (KNm)  (mrad)
2 ®) 4 ®) (6) @) ® )
Wmj254_3M16_BHC (Left) 0.8 7.2 111 0.94 13.81 68 1.61 27.3
Wm;j254_3M18_BHC (Right) 0.76 8.1 94 0.96 15.87 60.5 1.81 48.
Mean of 2 0.78 7.65 102.5 0.95 14.84 64.25 1.71 37.85
Cv 3.6% 8.3% 12% 1.5% 9.7% 8% 8% 39%

The major variation identified from the full-scale model simulations was in the maxi-
mum rotation (¢max), which ranged from 27 to 49 mrad. The maximum displacement was
limited to 50 mm in order to obtain a clearer understanding of the connection behaviour.
The CV of the initial stiffness (S;) was less than 3% for the Wmj254_3M16_WC150 and
Wmj254_3M18_BS models. However, for the Wmj254_3M16_BC model, the CV was about
12%, a variation that occurred only within the linear region of the moment-rotation curve,
without delamination in the web cleats. To enhance joint performance beyond the non-
linear stage, the mean and CV of the stiffness at damage onset (S;) were observed to vary
by less than 10% across all three models, demonstrating comparable behaviour.

The key finding of this parametric numerical analysis is that stiffness is more sensitive
to changes in connection parameters than moment resistance. One of the main objectives of
this study is, therefore, to develop an optimised connection design with respect to the joint
properties of pultruded FRP beam-to-column connections using web cleats. Furthermore,
increasing joint stiffness can be achieved by adjusting the web cleat geometry—such
as increasing thickness and leg length—or by employing larger-diameter bolts. These
adjustments enhance the load-carrying capacity and the initial stiffness of the joint, while
appropriate design optimisation ensures material costs and overall structural weight remain
reasonably low.
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3.5. Joint Classification

The rotational stiffness (S;) values obtained from the tables classify the joints as
nominally pinned connections. According to Eurocode 3, Part 1-8 [25], the initial rotational
stiffness at service load, S; in;, is calculated using the expression S; = M;/¢;. Based on the
design specification for steel connections, if S;ini, L/EI < 0.5, where EI/L is the flexural
stiffness of the beam member, the joint is considered nominally pinned.

For a beam with a span-to-depth ratio of 20, the span (L) is 5.90 m for a 254 mm
deep wide flange (WF) section. From the property table, the flexural modulus of elasticity
(E) of the WF section is 29 kN/mm? and the second moment of area (I) is approximately
8.34 x 107 mm*. This gives a nominal pinned stiffness of about 230 kNm /rad.

When the span is increased to 10 m, the stiffness limit reduces to about 120 kNm /rad
for the 254 x 254 x 9.53 mm WF section. In comparison, the three numerical models pro-
duced initial stiffness (S;) values in the range of 94-111 kNm/rad. These values fall within
the defined limits, confirming that the joint detailing is classified as nominally pinned.

4. Conclusions

This study advances previous research by successfully modelling full-scale pultruded
FRP beam-to-column joints using progressive damage analysis. Earlier works, such as
Mendes et al. [26], highlighted difficulties in simulating joint stiffness and failure due
to material discontinuities and uncertain fracture energy definitions. Eskenati et al. [11]
investigated bonded and bolted joints but did not apply damage evolution models. In
contrast, our validated finite element model integrates Hashin’s criterion with fracture
energy-based damage evolution, accurately predicting delamination and failure modes.
The parametric study reveals that joint stiffness is sensitive to cleat geometry and bolt
characteristics, offering practical guidance for optimising FRP connection design.

The following conclusions are drawn from this research:

1. The proposed FEM accurately reproduces experimental moment-rotation curves,
stiffness, and failure modes, with discrepancies below 10%, confirming its reliability
for structural design applications.

2. Delamination at the fillet radius of FRP cleats is the dominant failure mechanism,
effectively captured by Hashin’s progressive damage model.

3. Quantitative analysis shows that variations in cleat size, bolt size, and bolt-hole
clearance have minimal impact on ultimate moment capacity (CV < 10%) but signifi-
cantly influence initial stiffness (up to 15% variation), highlighting the importance of
connection detailing for serviceability.

4. Increasing cleat thickness and bolt diameter improves stiffness, while bolt-hole clear-
ance introduces slip effects without compromising strength.

5. Alljoints classify as nominally pinned per Eurocode 3, with rotational stiffness values
ranging from 94 to 111 kNm/rad.

6. The validated FEM framework offers a cost-effective alternative to extensive exper-
imental testing and provides actionable insights for optimising FRP joint design,
advancing the development of reliable design guidelines for pultruded FRP structures.
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