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Abstract - The rapid development of modern infrastructure
demands structural systems that are lightweight, durable,
sustainable, and capable of resisting complex loading conditions.
This study investigates the cyclic performance of a Precast Ultra-
High Performance Concrete (UHPC) Encased Inverted T-Steel
(PUES) composite beam with hollow sections. UHPC enhances
the composite system by providing high strength, improved crack
resistance, and superior durability compared to conventional
concrete systems. A detailed finite element model was developed
in ABAQUS using the Concrete Damaged Plasticity (CDP) model
and validated with experimental results under monotonic
loading. After validation, displacement-controlled cyclic loading
was applied to evaluate load—-deflection behaviour, hysteresis
response, energy dissipation, stiffness degradation, and crack
propagation. The study compares hollow and solid PUES beam
configurations under identical cyclic loading conditions. Results
show that hollow PUES beams achieve significant reduction in
self-weight and material usage while maintaining satisfactory
cyclic performance. Although hollow beams exhibited slightly
earlier stiffness degradation and localized stress concentrations,
their overall ductility, hysteretic behaviour, and energy
dissipation remained comparable to solid beams. Among all
specimens, PUES-2 demonstrated superior performance with
higher load-carrying capacity, improved stiffness retention, and
nearly 18-22% greater cumulative energy dissipation. The
findings confirm the structural feasibility of hollow PUES beams
for lightweight and sustainable applications in bridges, modular
construction, high-rise  buildings, and seismic-resistant
structures.

Keywords - UHPC composite beam, PUES, steel-UHPC
composite system, finite element analysis, Concrete Damaged
Plasticity, cyclic loading, hysteresis behaviour

l. INTRODUCTION

Composite construction has long been recognized as an
efficient means of utilizing the complementary properties
of steel and concrete. Steel concrete composite beams are
extensively used in bridge and building structures due to
their high strength, ductility, and rapid construction
capability [1][2]. Steel provides high tensile strength and
ductility, while concrete contributes excellent compressive
strength and stiffness. When these two materials are
combined appropriately, they yield structures with
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enhanced performance, lower self-weight, and improved
durability compared with monolithic systems.

In the pursuit of more sustainable and economical
construction, the use of advanced materials such as Ultra-
High-Performance Concrete (UHPC) has become
increasingly attractive [3]. UHPC possesses superior
mechanical characteristics compressive strengths typically
above 150 MPa, tensile strength up to 12 MPa with fibres,
and extremely low permeability making it suitable for
long-span bridges, precast girders, and heavily loaded floor
systems. Despite these advantages, the uniform use of
UHPC throughout a section often leads to unnecessary
material consumption and high cost, motivating
exploration into material gradation techniques. The unique
crack control capability ensures superior durability and
makes UHPC highly suitable for composite structural
applications. To efficiently utilize the superior mechanical
properties of UHPC while reducing material cost, Gao et
al. (2024) proposed an innovative composite beam known
as the Precast UHPC Encased Inverted T-Steel (PUES)
beam with hollow section. The concept integrates an
inverted T-shaped steel section with a peripheral UHPC
shell and a cast-in-place UHPC layer to form a highly
efficient steel UHPC composite system [3]. studies have
shown that the cracking load of such beams is only 14—
40% of the ultimate load, leaving a significant risk of
premature damage. To address this limitation, the study
introduces a new perfobond rib shear (PBL) connector
wrapped with foam plastic, designed to release tensile
stresses and improve cracking resistance. This innovation
forms the central motivation of the research, aiming to
enhance the performance of steel-UHPC composite beams
under negative bending moments [2].

1.  AIM, OBJECTIVE AND SCOPE

The aim of this project is to develop and validate a detailed
ABAQUS finite element model of the PUES hollow
inverted T steel UHPC composite beam and to investigate
its cyclic flexural behaviour using Concrete Damaged
Plasticity for UHPC and cohesive steel UHPC interface
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modelling, with emphasis on damage evolution, stiffness
degradation, energy dissipation, and composite action
under displacement-controlled reversed loading.

The primary objective of this study is to investigate the
cyclic structural behaviour of Precast Ultra-High
Performance Concrete (UHPC) Encased Inverted T-steel
(PUES) composite beams using finite element analysis in
ABAQUS. The study aims to extract the geometry,
material properties, and experimental test details of PUES-
1 to PUES-4 from the reference experimental work and
accurately reproduce them in the numerical model. UHPC
is modelled using the Concrete Damaged Plasticity (CDP)
approach to realistically capture crack propagation and
crushing behaviour observed in experiments, while the
inverted-T steel section and stud connectors are modelled
to simulate effective composite interaction. The developed
finite element model is validated by comparing load-
deflection response, crack patterns, failure modes, and
ultimate load with available experimental results. After
validation under monotonic loading, the loading protocol
is replaced with displacement-controlled cyclic loading to
generate hysteresis behaviour. The study further evaluates
stiffness degradation, strength degradation, and energy
dissipation characteristics under repeated loading cycles.
In addition, damage evolution in UHPC through tensile
and compressive damage parameters (dt and dc), plastic
hinge formation, and neutral axis migration during cyclic
loading are investigated. Finally, the cyclic performance of
solid and hollow PUES beam configurations is compared
to assess the feasibility of lightweight hollow composite
systems for sustainable structural applications.

The present study is confined to a detailed numerical
investigation using ABAQUS based on the reference
PUES experimental beam configuration. Initially, the finite
element model is developed and validated using the
monotonic test results reported in the experimental study,
ensuring that the numerical model accurately reproduces
the load—deflection behaviour, crack pattern, and failure
mode observed in the tests. Once validated, the same
model is subjected to displacement controlled cyclic static
loading to simulate realistic reversed loading conditions.
The study focuses on extracting key behavioural
parameters such as hysteresis loops, stiffness degradation,
energy dissipation capacity, damage evolution contours,
neutral axis shift. In addition, a comparison between solid
and hollow PUES beam configurations is performed under
identical cyclic loading conditions to evaluate the
structural efficiency of the hollow concept. The overall
aim is to establish a numerically validated modelling
framework and to provide a comprehensive performance
assessment of steel-UHPC composite beams under cyclic
flexure.

1. METHODOLOGY AND MODELLING

The present study adopts a nonlinear finite element-based
numerical methodology to investigate the cyclic static
behaviour of an Inverted-T steel-UHPC composite beam
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developed from the PUES concept. Because experimental
testing of UHPC composite members under cyclic loading
is complex and resource-intensive, ABAQUS is employed
to simulate the response with high fidelity. The beam,
supports are modelled using three-dimensional continuum
elements with nonlinear geometry (NLGEOM) enabled to
capture large deformations. UHPC is represented through
the Concrete Damage Plasticity (CDP) model to simulate
tensile  cracking, compressive  crushing, stiffness
degradation, and damage evolution during load reversals.
The inverted-T steel section is defined using material
model to capture yielding and plastic strain development.
Surface-to-surface contact interactions are used instead of
tie constraints to permit separation and sliding at
interfaces, thereby reproducing realistic composite action.
A displacement-controlled cyclic loading approach is
adopted through a tabular amplitude to generate hysteresis
behaviour, enabling the study of stiffness degradation and
energy dissipation. Mesh refinement is applied near critical
regions such as loading points, supports, and material
interfaces to ensure numerical accuracy and stability.

The numerical procedure begins with the creation of three-
dimensional geometries of the UHPC slab, embedded
inverted-T steel section, supports and loading parts
according to the dimensions reported in the reference study
for two different beams. Material properties are then
assigned, with UHPC defined using CDP parameters, steel
properties are assigned as per the reference literature. After
section assignment, all components are assembled in their
exact spatial positions to form the composite beam setup.
For validation, the first beam is analysed under monotonic
displacement loading identical to the experimental setup.
Reaction force and mid-span displacement are extracted to
generate the load— deflection curve, which is compared
with the experimental results. After satisfactory agreement
is obtained, the same steps are repeated for the second
beam. Necessary minor adjustments in mesh density and
contact stabilization are performed to achieve convergence
without altering material behaviour. This confirms the
robustness of the modelling approach.

After validating beam, cyclic displacement loading is
applied at the mid-span through a tabular amplitude,
reaching a maximum displacement of 36 mm within a total
step time of one unit. The analysis is executed while
monitoring convergence behaviour. Finally, results are
postprocessed to generate hysteresis curves, visualize
damage progression, and evaluate stiffness degradation
and energy dissipation characteristics of the composite
beam.

The geometry of the PUES beam consists of a steel I-
section combined with a UHPC slab to form a composite
member. The steel beam is placed below the UHPC slab
and connected using headed stud shear connectors to
ensure composite action between the two materials. The
cross-sectional dimensions, including flange width, web
thickness, slab thickness, and stud spacing of the beam are
shown in Fig.1 and in Fig 2.
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Table 2 Mechanical properties of steel shape and steel rebar
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Fig. 1 Detailed scheme for the test specimen
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Fig. 2 Detailed section scheme for test specimen

A. Material properties of the beam

The PUES beam is composed of UHPC, structural steel,
and headed stud shear connectors, each contributing to the
overall structural performance. UHPC is characterized by
very high compressive strength, improved tensile
resistance due to the presence of steel fibers, and a dense
microstructure that enhances durability and stiffness. It
primarily resists compressive stresses in the composite
beam and provides high initial stiffness. Structural steel
exhibits a linear elastic behaviour up to its yield strength,
followed by a ductile plastic region that allows large
deformations without sudden failure. This ductility enables
the formation of plastic hinges and ensures stable post-
yield behaviour. The headed stud shear connectors provide
the necessary bond between the steel beam and the UHPC
slab, allowing effective transfer of shear forces and
ensuring composite action. The combined properties of
high-strength UHPC and ductile steel result in a beam with
enhanced flexural capacity, stiffness, and deformation
capacity. The materials properties of UHPC are shown in
table 1. The material properties of steel and rebar are
shown in table 2.

Table 1 Mechanical Properties Of UHPC

Mechanical Properties Of Steel Shape And
Steel Rebar
Thickn Diame Yield Ultim Elastic
ess ter Stren ate Modulus(
(mm) (mm) gth Stren Gpa)
Typ (Mpa) gth
e (Mpa)
Stee 8 474 625 205
|
Sha
pe
10 508 589 210
Stee 8 448 652 203
|
Reb
ar
12 526 601 206
16 489 625 204

Mechanical Properties Of UHPC

Cubic Elastic Ultimate Elastic
Cast Compressi Tensile Tensile Modulus(
ing ve Strength( Strength( GPa)
Batc Strength( MPa) MPa)
h MPa)
Prec 125.9 7.9 8.9 43.6
ast
UHP
C
Cast
-In-
Plac
e
UHP
C 123.8 8.1 9.2 42.8
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The tensile and compressive deformation behaviour of
concrete is simulated by the Concrete Damage Plasticity
(CDP) model in GB50010-2010. The CDP model considers
that the damage modes of concrete are divided into two types,
tensile cracking and compressive crushing, and puts the
concrete into the plastic state through a reduction in the
stiffness related to the plastic strain of the concrete and the
tensile and compressive damage factors, which can effectively
simulate the stiffness change of concrete structures under
loading [26][27]. In the Abaqus software, the CDP model can
be calculated through the basic parameters: the ratio of biaxial
strength obo compared with uniaxial strength oco in
compression, the failure surface k., dilation angle ¢,
eccentricity & and the viscosity p. Table 3 shows the
parameters of the CDP model in the simulation model [28].

Table 3. CDP model for UHPC material in Abaqus

Element Value
Dilation Angle 37
Eccentricity 0.1
fhdlfco 1.16
K 0.67
Viscosity Parameter 0.0005

The contact conditions of the FEM model are presented in
Table 4. The surface-to surface contact provided in ABAQUS
was taken into account to define the interactions of the contact
pairs. Generally, the contact pairs included the steel beam-to-
UHPC and reinforcement and the head stud-to-concrete. For
the former contact pairs, the surfaces of the steel components
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were regarded as the master surface, and the corresponding
concrete surfaces were selected as slave surfaces.

Table 4 Interactions

Models Interactions

UHPC-Reinforcement Embedded Region

UHPC-Tsteel Embedded Region

Studds-Tsteel Tie

Studds-UHPC Embedded Region

Surface to Surface
Contact

Support-Beam

The complete meshed model is as shown below in Fig. 3 (a)
and (b). The finite element modelling of inverted T steel-
concrete composite beams in ABAQUS requires careful
consideration of interactions between different materials and
proper boundary condition definitions to simulate realistic
structural behaviour. The fundamental modelling challenge
involves accurately representing the interaction between
dissimilar materials are shown in Table 5 (steel, concrete,
reinforcement, and shear connectors) and defining appropriate
boundary conditions that replicate simply supported behaviour
in experimental or real-world conditions. The element type
and mesh size used for each models are shown in table 5.

Table 5 Element type and Mesh size

Model Element type | Mesh size (mm)
UHPC C3D8R 25
Tsteel C3D8R 25
Support R3D4 25
Studds C3D8R 8
Stirrup T3D2 8
Rebar 12 T3D2 12
Rebar16 T3D2 16
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e  Fig. 3 (a) Meshed Models

e  Fig. 3 (b) Meshed Models
°

The beam geometry was defined according to the
experimental dimensions, including span length, cross-
sectional size, and reinforcement detailing. Concrete was
modelled as a three-dimensional continuum solid to enable
realistic simulation of cracking, crushing, and nonlinear stress
redistribution. Reinforcement was incorporated within the
concrete domain to represent longitudinal bars and stirrups
contributing to flexural and shear resistance.
Material behaviour was defined using nonlinear constitutive
relationships. Concrete behaviour was represented using a
damage plasticity based model capable of capturing tensile
cracking and compressive crushing. The model accounts for
stiffness degradation under increasing strain through scalar
damage variables in tension and compression. Reinforcement
steel was modelled using an elastic—plastic material law with
strain hardening, enabling simulation of yielding and post-
yield behaviour.
The analysis incorporated geometric nonlinearity to account
for large displacement effects where necessary. This allows
accurate prediction of deflection behaviour and post-yield
response, particularly under cyclic or impact loading.

IV. VALIDATION

Validation is the process of verifying that a finite element
model accurately represents the real structural behaviour
observed in experiments or established analytical
solutions. In beam modelling using ABAQUS, validation
ensures that the numerical simulation reliably predicts
stiffness, strength, cracking behaviour, ductility, and
energy dissipation characteristics. The developed finite
element model was validated by comparing the numerical
results obtained from ABAQUS with the experimental
results reported by Gao et al. (2024) [1]. The validation
process was carried out to ensure the accuracy and
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reliability of the numerical model in predicting the flexural
behaviour of UHPC composite beams with inverted T-
shaped steel sections.

The UHPC material was modelled using the Concrete
Damage Plasticity (CDP) model, while steel components
were modelled using elastoplastic material behaviour.
Surface-to-surface interactions and embedded constraints
were used to simulate realistic composite action between
UHPC, reinforcement, shear studs, and the inverted T-steel
section. A validated model provides confidence that
subsequent parametric studies, impact simulations, or
design modifications are scientifically meaningful and
structurally reliable.

Validation is performed by comparing numerical results
with experimental data using key structural response
parameters. The most fundamental validation parameter is
the load— deflection curve. The load—deflection response
obtained from the FE analysis of beam 1 as shown in
Figure 4 showed good agreement with the experimental
results throughout the loading stages. The FE model
accurately captured the elastic behaviour, stiffhess
characteristics, and nonlinear response up to failure. The
table shows the percentage error of experimental and
numerical results of beam 1. Table 6 shows the error of
experimental and numerical results.

700 - —Gao et. al (2024)
600 FEA

300 A

400 4

Load(kN)

300 4
200

100 4/

0 10 20 30 40 50
Deflection (mm)

Fig. 4 Load deflection response of Beam 1

Table 6: % error of experimental and numerical results (beam 1)
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The FE model predicted the ultimate load with only 1.09%
error, indicating excellent agreement with the experimental
behaviour. The initial stiffness was also accurately
captured with an error of 4.35%.

The numerical load—deflection curve as shown in Figure 5
for validation Specimen 2 closely matched the
experimental response. The FE model successfully
predicted the nonlinear flexural behaviour and stiffness
characteristics of the beam. The table shows the percentage
error of experimental and numerical results of beam 2.
Table 7 shows the error of experimental and numerical
results.

09— Gaoet al(2024)
500 - FEA

300 4

400 4

Load(kN)

200
100 {/

L] L]
0 10 20 30 40 50
Deflection (mm)

Fig. 5 Load deflection response of Beam 2

Table 7: % error of experimental and numerical results (beam 2)

- Error
Parameter Experimental FEA %)
Ultimate Load (kN) 544 565 3.86
Deflection at
Ultimate Load (mm) 16 o 6.25
Initial Stiffness
(kN/mm) 64.3 67.1 4.35

. Error
Parameter Experimental FEA %)
Ultimate Load (kN) 550 556 1.09
Deflection at
Ultimate Load (mm) 1 20 5.26
Initial Stiffness
(kN/mm) 64.3 67.1 4.35

IJERTV15I 3052312

The FE analysis predicted the ultimate load with an error of
3.86%, while the deflection at ultimate load showed an error
of 6.25%. These values confirm the capability of the FE model
to reproduce the experimental flexural response with
acceptable accuracy.

A quantitative comparison between the experimental and
numerical load—deflection curves was performed. The overall
percentage error was calculated within 10% for all the
specimen. The deviation remains within the acceptable range
(< 15 %) for nonlinear concrete simulations using the CDP
model, confirming the reliability of the developed finite
element model. The validation results confirm the reliability
and accuracy of the developed finite element model for
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studying the cyclic performance, stiffness degradation,
damping characteristics, and energy dissipation behaviour of
UHPC composite beams.

V. RESULTS AND DISCUSSION

A quasi-static displacement-controlled cyclic load was applied
at one end of the beam specimen through a reference point
coupled to the loading plate. The cyclic loading history was
defined using a predefined amplitude function to simulate
reversed loading conditions. The analysis was conducted
under displacement control to ensure stable post-yield
response and to accurately capture stiffness degradation and
energy dissipation behaviour.
The loading protocol consisted of increasing displacement
amplitudes in both positive and negative directions. Each
displacement level was repeated two times before yielding,
three cycles after vyielding and continuing displacement
amplitudes until degradation to evaluate strength deterioration,
stiffness degradation, and damage accumulation under
recurring loading. The cyclic amplitudes were selected based
on the expected yield displacement of the beam and were
increased incrementally to reach the target ultimate
displacement [29].
The loading rate was chosen to ensure quasi-static conditions,
minimizing inertial effects during the analysis. The applied
displacement history was defined in tabular form within the
amplitude definition, enabling symmetric forward and reverse
loading paths. The boundary conditions were assigned to
replicate the experimental support configuration, and all
nonlinear effects, including material nonlinearity and
geometric nonlinearity, were considered in the analysis.
This cyclic loading setup enables detailed evaluation of
hysteretic behaviour, energy dissipation capacity, and ductility
performance of the beam under simulated seismic-type
loading. Fig. 5 shows the cyclic loading applied to the beam.
40 A

30 A
20 4
10 4

0 agagaa A AN AM

of 1 z”s"i”’:."v!WWWhW{ W 2] 13] ik 1s 16

Dlsplacement (mm)

_40
Cycle Number

Fig, 5 Cyclic Loading

A. hysteresis behaviour of composite beams

Beam B1 consisted of a solid UHPC section reinforced with
16 mm bottom reinforcement. Figure 6 shows the hysteresis
response of Bl showed stable cyclic behaviour with
comparatively narrow hysteresis loops during the initial
cycles. As loading progressed, the loops widened gradually
due to increased inelastic deformation.
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Force (kN)

EN
S

40

-125 Displacement (mm)
Fig 6 Hysteresis response of B1

The beam exhibited:
e Stable load carrying capacity throughout the
loading cycles

e  Gradual stiffness degradation
o Good resistance against excessive deformation
e Controlled crack propagation

The solid section provided improved structural continuity and
higher residual stiffness during repeated loading cycles. The
hysteresis loops remained relatively stable even at higher
displacement amplitudes, indicating strong cyclic stability.
The stress and damage distribution obtained from the
ABAQUS finite element analysis as shown in figure 7, 8, 9
and 10 respectively illustrates the structural response of the
beam under cyclic loading conditions. The contour plots help
identify the regions of maximum stress concentration, crack
initiation and progressive material failure during loading
cycles.

DAMAGEC °
(Avg: 75%) .
+4.800e-01
+4.400e-01 4
+4.000e-01 -
+3.600e-01
+3.200e-01
+2.800e-01
+2.400e-01
+2.000e-01
+1.600e-01
+1.200e-01
+8.000e-02
+4.000e-02
+0.000e+00
Fig 7. Compression damage (beam 1)
DAMAGET %
(Avg: 75%) .
+9.500e-01
+8.708e-01 I
+7.917e-01 L]
+7.125e-01
+6.333e-01
+5.542e-01
+4.750e-01
+3.958e-01
+3.167e-01
+2.375e-01
+1.583e-01
+7.917e-02
+0.000e+00
Fig 8. Tension damage (beam 1)
.
(Avg: 75%) |
+5.250e+02 (
+4.813e+02
+4.375e+02 L]
+3.938e+02 B
+3.500e+02 W
+3.063e+02
+2.626e+02
+2.188e+02
+1.751e+02 g ¥
+1.314e+02
+8.762e+01
+4.388e+01
+1.422e-01
Fig 9 Stress in reinforcement (beam 1)
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S, Mises 4
(Avg: 75%) 1
+4.740e+02

Fig 10 Stress in inverted T steel with shear studs (beam 1)

The compression and tension damage contours showed
progressive damage concentration near the loading region and
tensile zones. However, damage propagation remained
controlled because of the high compressive strength and
ductility of UHPC.

The stress distribution in the inverted T-steel section and
reinforcement indicated effective composite interaction
between steel and UHPC.

Beam B2 consisted of a hollow UHPC section reinforced with
16 mm bottom reinforcement. Compared with B1, the hollow
section reduced the overall self-weight while maintaining
effective cyclic performance. Figure 11 shows the hysteresis
response of B2

100 -

Force (kN)
3]
W

-40 -30 -20 -10 ) 10 20 30 40

Displacement (mm)
Fig 11 Hysteresis response of B2

The hysteresis behaviour of B2 demonstrated:

e Improved initial energy dissipation

e Higher damping characteristics during early
loading cycles

o Increased hysteretic loop area in later cycles

o Faster stiffness degradation after repeated loading

The hollow section promoted slightly higher ductility and
deformation capacity. During the initial loading stages, B2
exhibited better energy absorption than the solid beam due to
increased flexibility.

However, as cyclic loading increased, the hollow section
experienced faster stiffness degradation because of reduced
sectional rigidity. Despite this, the beam maintained adequate
load carrying capacity and stable hysteresis behaviour. The
stress and damage distribution obtained from the ABAQUS
finite element analysis as shown in Figure 12, 13, 14 and 15
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respectively illustrates the structural response of the beam
under cyclic loading conditions. The contour plots help
identify the regions of maximum stress concentration, crack
initiation and progressive material failure during loading
cycles.

DAMAGEC
(Avg: 75%)
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+4.000e-02
+0.000e+00

T,

Fig 12. Compression damage (beam 2)
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Fig 13. Tension damage (beam 2)
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Fig 14 Stress in reinforcement (beam 2)
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Fig 15 Stress in inverted T steel with shear studs (beam 2)

The stress contours revealed that stresses were effectively
transferred between the UHPC section, steel beam, and
reinforcement. Localized damage accumulation occurred near
the tensile region and around stress concentration zones.

B. . Energy dissipation behaviour

Energy dissipation is one of the most important parameters in
evaluating cyclic structural performance. It represents the
ability of a structure to absorb and dissipate energy during
repeated loading. The energy dissipation graph for B1 and B2
is shown in Figure 16. The energy dissipation per cycle is
defined as E; = [ (P x dA), Where P is the maximum load and
dA is the maximum deflection in each cycle.
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Fig. 16 Cummulative Energy Dissipation Curve

1) Behaviour of Beam B1
The solid section beam demonstrated stable and progressive
energy dissipation throughout the loading cycles. The energy
dissipation increased steadily because of gradual plastic
deformation and controlled damage propagation.
The solid section provided:

. Better stiffness retention

. Stable cyclic response

. Reduced deformation concentration

. Improved long-term structural stability

However, the energy dissipation capacity during the initial
loading cycles was slightly lower compared to the hollow
beam. From the cumulative energy dissipation graph, Beam
B1 reached approximately 11,800-12,000 kKNmm during the
final loading cycle. The increase in energy dissipation was
gradual and stable throughout all 15 loading cycles, indicating
controlled hysteretic behaviour and better long-term cyclic
stability.

2) Behaviour of Beam B2
Beam B2 exhibited slightly higher energy dissipation during
the initial cycles. The hollow section increased flexibility,
which enhanced deformation capability and hysteretic energy
absorption.
At higher loading cycles, the cumulative energy dissipation
increased sharply because of:

. Increased plastic deformation
. Crack propagation

. Damage accumulation

. Enhanced hysteretic response

The final cumulative energy dissipation of B2 was marginally
higher than B1, indicating improved ductility and cyclic
energy absorption. Beam B2 achieved approximately 12,500—
13,000 kNmm cumulative energy dissipation during the final
loading cycle, which was slightly higher than Beam B1.
During the initial cycles, B2 also showed faster energy
dissipation growth because of increased flexibility and
deformation capability.

3) Comparative Discussion
The comparison between B1 and B2 indicates that:

. Hollow sections improve initial cyclic energy
dissipation.

. Solid sections provide better long-term stiffness
stability.

. Hollow beams exhibit higher flexibility and ductility.
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. Solid beams resist degradation more effectively
during prolonged loading.

Therefore, hollow UHPC sections can achieve effective cyclic
energy absorption while reducing self-weight.

VI. CONCLUSION

The overall results obtained from the nonlinear finite element
analysis demonstrate that UHPC composite beams possess
excellent cyclic performance due to the combined advantages
of UHPC material properties and steel composite action. The
study confirms that UHPC significantly improves crack
resistance and structural durability, while inverted T-steel
sections enhance flexural strength and stiffness. Hollow
sections were found to effectively reduce self-weight while
still maintaining satisfactory cyclic performance, and larger
reinforcement ratios contributed to improved cyclic stability,
energy dissipation, and damping characteristics. In addition,
the composite interaction between steel and UHPC enhanced
the overall structural efficiency of the beams. The cyclic
analysis showed that all beam specimens were capable of
sustaining repeated loading with progressive hysteretic energy
dissipation and controlled damage propagation. A comparison
between solid and hollow sections revealed that hollow UHPC
beams provided better initial energy dissipation, improved
damping behaviour, reduced structural self-weight, and
increased deformation flexibility. However, solid sections
retained residual stiffness more effectively during prolonged
cyclic loading..
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