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Abstract

This study assesses the effectiveness of ultra-high performance steel fiber-reinforced concrete (UHPSFRC) in improving
the seismic behavior of reinforced concrete (RC) exterior joints, emphasizing crack patterns and reinforcement strain
development. Three full-scale specimens (a conventional RC control joint and two UHPSFRC-strengthened versions with
800 mm and 1025 mm strengthening lengths) were subjected to reversed cyclic loading to mimic seismic forces. Crack
progression and strain distribution were examined through visual observations, strain gauges, and displacement data,
offering a detailed evaluation of joint performance. Findings indicate that UHPSFRC enhances shear resistance, reduces
crack widths significantly (<0.5 mm compared to >2 mm in the control), and modifies failure modes: the 800 mm length
shifts damage to beam flexural failure, while the 1025 mm length increases peak capacity (231.4 kN vs. 185.8 kN) but
reverts to joint shear failure. The novelty lies in UHPSFRC’s ability to replace transverse reinforcement in congested joint
zones, enhancing ductility and easing construction difficulties. This research provides fresh insights into optimizing
UHPSFRC application length, delivering practical guidance for seismic retrofitting, and contributing to design standards
for robust RC frames in seismic regions.

Keywords: Ultra-High Performance Concrete (UHPC); UHPSFRC; Exterior Joint; Reversed Cyclic Loading; Crack Pattern;
Reinforcement Strain Development.

1. Introduction

The seismic performance of reinforced concrete (RC) frame structures is intricately tied to the behavior of beam-
column joints, which serve as pivotal nodes for transferring forces between structural elements. The failure of these
joints under cyclic loading can precipitate a cascade of damage, undermining the overall stability of the frame, even if
beams and columns remain structurally sound [1]. Historical earthquakes, such as the 1995 Hyogo-Ken Nanbu event in
Japan, the 1999 Kocaeli earthquake in Turkey, and the 2009 L’ Aquila earthquake in Italy, have repeatedly demonstrated
the vulnerability of RC joints, with post-event analyses attributing failures to insufficient shear capacity, inadequate
transverse reinforcement, and poor anchorage of longitudinal bars. These incidents have highlighted the critical role of
joints in ensuring the global integrity of RC frames, particularly in exterior connections where complex stress states—
combining shear, bending, and axial forces—impose stringent demands on design and construction practices. Moreover,
the growing frequency of seismic events globally has intensified the urgency to retrofit existing structures, many of
which were built prior to modern seismic codes, to enhance their resilience against such forces [2-6]. A deeper analysis
reveals that these joints often act as the weak link, with their brittle failure modes—driven by shear cracking and bond
deterioration—exacerbating progressive collapse risks under repeated loading, a phenomenon insufficiently addressed
by traditional design approaches. Recent studies, emphasize the efficacy of UHPSFRC jacketing in retrofitting bridge
piers, suggesting its potential to similarly bolster joint resilience in RC frames [7-9].
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One of the persistent challenges in RC joint construction is achieving adequate concrete consolidation in regions
congested with reinforcement. High longitudinal reinforcement ratios, often mandated by seismic codes to ensure
strength and ductility, coupled with large bar diameters in beams, frequently obstruct concrete flow during casting. This
issue is particularly acute in exterior joints involving slender columns, where the confined space exacerbates difficulties
in maintaining anchorage and bond integrity. Such construction challenges not only compromise joint performance but
also increase the likelihood of premature failure under seismic loading, as evidenced by field observations of poor
concrete quality in joint cores [4]. Traditional solutions, such as increasing stirrup density or improving formwork
techniques, often fall short in addressing these practical limitations, underscoring the need for innovative materials and
approaches that enhance both structural capacity and constructability. Recent advancements in material science have
thus shifted focus toward high-performance composites, offering promising alternatives to conventional methods by
improving both strength and ease of application in retrofitting scenarios. However, a critical examination suggests that
these traditional fixes often merely delay failure rather than fundamentally alter joint behavior, leaving a gap that
advanced materials like UHPSFRC could fill by redefining load transfer mechanisms. For instance, Sai Kubair et al. [9]
highlight UHPSFRC’s enhanced fiber-matrix interfacial bonding as a key factor in improving seismic performance,
addressing anchorage issues in congested zones.

Over the past few decades, advancements in concrete technology have introduced a range of high-performance
materials aimed at overcoming these deficiencies. High-performance concrete (HPC), characterized by enhanced
workability and strength, high-strength concrete (HSC), with compressive strengths exceeding 60 MPa, and fiber-
reinforced concrete (FRC), incorporating fibers to improve tensile behavior, have been explored as alternatives to
conventional concrete and steel stirrups in joint regions [6-11]. While these materials offer notable benefits—HPC
improves placement, HSC boosts strength, and FRC enhances crack control—their application in seismic joints has
revealed limitations. For instance, HSC often lacks the ductility required for energy dissipation under cyclic loading,
and FRC may not fully replace transverse reinforcement in high-shear zones [12-14]. Moreover, the practical
implementation of these materials is hindered by a scarcity of experimental data validating their performance under
realistic loading conditions and a lack of standardized design guidelines, necessitating further research to bridge the gap
between theoretical potential and field application. A broader analysis indicates that these materials, while incrementally
beneficial, struggle to address the multifaceted demands of seismic joints—combining strength, ductility, and
constructability—often resulting in trade-offs that limit their effectiveness in preventing catastrophic failure under
extreme conditions. Recent work by Huang et al. [15] on hybrid fiber-reinforced concrete columns underscores the need
for balanced material properties, a challenge UHPSFRC seeks to overcome.

Among these emerging materials, ultra-high performance concrete (UHPC) has emerged as a transformative option
since its introduction in the early 21st century. UHPC boasts compressive strengths ranging from 150 to 200 MPa and
tensile strengths of 8 to 15.9 MPa when reinforced with steel fibers, forming UHPSFRC [14-18]. This composite
integrates UHPC’s ultra-dense matrix—achieved through a low water-cement ratio (0.2-0.25), fine aggregates (<2.5
mm), and optimized particle packing—with steel fibers that enhance ductility, crack-bridging capacity, and bond
strength with reinforcement [19-23]. These properties have led to its successful deployment in demanding applications
worldwide, including pavements at Haneda Airport in Tokyo, the Gartnerplatz Bridge in Kassel, Germany, and toll gates
for the Millau Viaduct in France [24]. UHPSFRC’s ability to reduce porosity, improve durability, and maintain
performance in harsh environments positions it as a compelling solution for seismic joint strengthening. However, its
adoption in RC structures remains limited by high material costs, complex production processes, and the absence of
universally accepted design standards, which have slowed its integration into mainstream construction practices [25,
26]. Beyond its mechanical superiority, UHPSFRC offers a paradigm shift by enabling joints to absorb and dissipate
energy more effectively, potentially transforming failure modes from brittle shear collapse to ductile yielding, a critical
advantage over predecessors like HSC or FRC that warrants deeper exploration in seismic contexts. Valcuende et al.
[27] demonstrate UHPSFRC’s corrosion resistance under seismic loading, enhancing its long-term viability, while Shao
et al. [28] reveal its superior bond behavior with steel reinforcement under cyclic loads, further supporting its seismic
potential.

This study seeks to address these gaps by conducting a detailed experimental investigation into the performance of
RC exterior joints strengthened with UHPSFRC under reversed cyclic loading. The research focuses on two key aspects:
the evolution of crack patterns and the development of reinforcement strain, both of which are critical indicators of joint
behavior under seismic conditions. By testing three full-scale specimens—a control joint and two UHPSFRC-
strengthened variants with different strengthening lengths—this study evaluates how UHPSFRC influences shear
resistance, crack control, and strain distribution. The findings aim to elucidate the material’s potential in enhancing joint
performance, overcoming construction challenges, and informing the development of design guidelines for seismic-
resistant RC frames. Through this work, we contribute to the growing body of knowledge on advanced concrete
composites, offering practical insights for engineers and researchers striving to improve structural resilience in
earthquake-prone regions.
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2. Methodology Overview

To ensure a systematic approach, this study followed a comprehensive methodology comprising the following key
steps: (1) Design of test specimens based on standard RC frame configurations and seismic requirements, (2) Numerical
modelling using ABAQUS in order to predict the responses of the RC frame; (3) Fabrication of specimens incorporating
UHPSFRC at varying lengths (0 mm, 800 mm, and 1025 mm), (4) Instrumentation setup using strain gauges and LVDTs
to collect crack and strain data, (5) Execution of reversed cyclic loading tests to simulate seismic forces, (6) Analysis of
experimental results focusing on crack patterns and reinforcement strain, and (7) Development of a numerical model to
validate and extend experimental findings. This workflow is illustrated in Figure 1 as a flowchart, providing a concise
overview of the integrated experimental and numerical approach adopted in this research. In this figure, a feedback loop
from step 6 to step 5 indicates iterative refinement based on experimental outcomes.

Specimen | | Numerical | Fab\xﬁ?]t'on wmp Instrumentation - Cyclic =) Experimental
Design modelling UHPSERC Setup Loading Test | 4mm Analysis

Figure 1. Flowchart of Research Methodology

3. Experimental Program
3.1. Test Specimen Details

The experimental program involved the design, fabrication, and testing of three full-scale RC exterior joint
specimens, designated S1, S2, and S3, to assess the effectiveness of UHPSFRC in enhancing joint performance under
reversed cyclic loading. The experimental program was designed to evaluate the seismic performance of reinforced
concrete (RC) exterior beam-column joints under reversed cyclic loading, with a focus on the effectiveness of ultra-high
performance steel fiber reinforced concrete (UHPSFRC) as a strengthening material. Three full-scale specimens,
designated S1, S2, and S3, were constructed and tested to capture a range of behaviors under simulated seismic
conditions. Specimen S1 was constructed as a control, representing a conventional RC joint with standard reinforcement
detailing compliant with Vietnamese seismic standards, while S2 and S3 were modified versions strengthened with
UHPSFRC in the joint region, with the transverse reinforcement (stirrups) entirely removed from the strengthened zones
to assess the material’s ability to replace conventional confinement methods, a key practical consideration for retrofitting
congested joint areas. The specimens were designed to replicate typical exterior beam-column connections in RC frames,
with identical overall geometric dimensions: beams measuring 350 mm wide by 450 mm deep and columns at 350 mm
by 350 mm square.

All specimens shared identical overall geometric configurations to isolate the effect of UHPSFRC strengthening
length. The beams measured 350 mm in width, 450 mm in depth, and 2000 mm in total length from the column face to
the loading point, reflecting typical dimensions for mid-rise RC frame structures. The columns were square, with a
cross-section of 350 mm x 350 mm and a height of 3000 mm (1500 mm above and below the joint centerline), ensuring
sufficient length to simulate realistic boundary conditions. The joint itself was defined as the intersection zone, extending
350 mm vertically (column width) and 450 mm horizontally (beam depth) from the column face, consistent with standard
exterior joint proportions. The primary variable across the specimens was the length of the UHPSFRC strengthening
applied along the beam and joint: S1 had no UHPSFRC, S2 featured an 800 mm strengthened length, and S3 extended
this to 1025 mm.

The reinforcement layout was consistent across all specimens to isolate the effect of UHPSFRC. Beams were
reinforced longitudinally with two 25 mm and two 20 mm diameter bars at both top and bottom (total steel area of 1605
mm? per layer), while columns contained ten 20 mm diameter longitudinal bars (total steel area of 3140 mmg?). In S1,
the beam’s critical zone (within 500 mm of the column face) included stirrups in the beam’s critical zone (near the joint)
were 10 mm diameter bars spaced at 100 mm for S1 and S2, but absent in S3’s strengthened region. Outside the critical
zone, stirrups were spaced at 150 mm in all specimens. In the column, stirrups were placed at 80 mm spacing in the
critical zone and 200 mm elsewhere. The joint region of S1 included six layers of 10 mm stirrups at 80 mm spacing,
which were omitted in S2 and S3 due to UHPSFRC replacement. In S2, beam stirrups remained at 100 mm spacing
outside the 800 mm UHPSFRC zone, while S3 had no stirrups within the 1025 mm strengthened length. An axial load
of 650 kN was applied to the column top throughout testing, representing approximately 30% of the column’s axial
capacity (based on 30 MPa conventional concrete), to mimic typical service conditions in multi-story frames. Detailed
configurations are summarized in Table 1, with geometric layouts depicted in Figure 2.
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Table 1. Specimen Configurations

Component Parameter S1 S2 S3
Cross-section (mm) 350 x 450 350 x 450 350 x 450
Longitudinal reinforcement 2d25 + 2d20 2d25+2d20  2d25 + 2d20
Beam Stirrups (critical zone) d10@100 d10@100
Stirrups (non-critical zone) d10@150 d10@150 d10@150
UHPSFRC length (mm) - 800 1025
Cross-section (mm) 350 x 350 350 x 350 350 x 350
Longitudinal reinforcement 10d20 10d20 10d20
Column Stirrups (critical zone) d10@80 d10@80 d10@80
Stirrups (non-critical zone) d10@200 d10@200 d10@200
UHPSFRC length (mm) 650 650 650
Joint Stirrups 6 layers d10@80

(a) Concrete layout (b) Reinforcement details

Figure 2. Geometric Dimensions of Test Specimens

3.2. Loading Protocol

The specimens were subjected to reversed cyclic loading to simulate seismic forces, applied using a hydraulic
actuator with a 1000 kN capacity mounted at the beam end, 2000 mm from the column face. The loading setup was
anchored to a stiff reaction frame, with the column base fixed to the laboratory strong floor via a steel hinge allowing
rotation but restraining translation, and the column top restrained by a roller support permitting vertical movement while
maintaining the 650 kN axial load via a secondary actuator. This configuration ensured that lateral cyclic loads were
transferred through the beam to the joint, replicating the moment and shear demands experienced during earthquakes.
The loading protocol followed a hybrid force-displacement approach adapted from ACI 374.1-05 guidelines, designed
to progressively increase damage and assess seismic performance across a range of drift levels.

The loading sequence began with a force-controlled phase, applying increments of 20 kN up to the onset of cracking
(approximately 50-80 kN, depending on the specimen), with three cycles at each load level to stabilize initial micro-
cracking. Once visible cracks appeared—typically at the beam-column interface in S1 (50—60 kN) and at the UHPSFRC-
concrete interface in S2 and S3 (70-80 kN)—the protocol shifted to displacement control. Displacement increments
were based on drift ratios, starting at 0.25% (5 mm at the beam tip) and increasing in steps of 0.25%-0.5% (e.g., 0.75%,
1.0%, 1.4%, etc.) up to 6.5% (130 mm), with two cycles per drift level to capture hysteretic behavior and energy
dissipation. The maximum drift of 6.5% was selected to exceed typical seismic design limits (e.g., 2-3% per FEMA
273), ensuring failure mechanisms were fully observed. Loading was applied at a quasi-static rate of 0.02 mm/s to
minimize dynamic effects, with cycles reversed symmetrically to simulate bidirectional seismic action. During testing,
environmental conditions were controlled within the laboratory, maintaining a temperature of 25 + 3°C and relative
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humidity of 60 £ 10%, monitored continuously with a calibrated environmental logger to ensure stability throughout the
loading cycles. These conditions were selected to reflect typical indoor testing environments and prevent moisture loss
or thermal effects from influencing crack propagation or strain measurements. The test concluded when specimens
exhibited significant capacity loss (e.g., concrete crushing or rebar rupture), as observed at 5.0% drift for S1 and 6.5%
for S2 and S3. This detailed setup and protocol provided a robust framework for evaluating crack progression, strain
development, and failure modes, offering insights into UHPSFRC’s seismic enhancement capabilities.

3.3. Material Properties

The reinforcement used in this study consisted of CB400-V grade steel bars manufactured by Hoa Phat (Vietnam),
compliant with high ductility class (DCH) requirements per Vietnamese standards. Three bar diameters were employed:
10 mm for stirrups, and 20 mm and 25 mm for longitudinal reinforcement in beams and columns. To characterize their
mechanical properties, three samples of each diameter were tested in tension following TCVN 197-1:2014 [29] for
ambient temperature testing and TCVN 1651-2:2008 [30] for ribbed reinforcement specifications. Tests were conducted
using an SHT4306-W universal testing machine with a maximum capacity of 3000 kN, equipped with an extensometer
providing £0.1% accuracy. The average yield strength (fy), ultimate strength (f.), and elastic modulus (Es) were
determined and are presented in Table 2, with stress-strain curves provided in Figure 3.

Table 2. Mechanical Properties of Reinforcement

Diameter Area Yield Strength, Ultimate Strength, Elastic Modulus,

(mm) (mm?) f, (MPa) f,(MPa) E. (GPa) Note
10 50 585 701 Stirrups
20 314 577 695 200 Beam/Column long reinforcement
25 491 528 662 Beam long reinforcement
800 ,
700
600
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S
| Measuring o5 400
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Figure 3. Experimental stress-strain curves of these reinforcements

Conventional concrete with a target compressive strength of 30 MPa was used for non-strengthened regions, while
UHPSFRC, with a compressive strength of 150-200 MPa and tensile strength of 8-15.9 MPa, was applied in the
strengthened zones of S2 and S3. The UHPSFRC mix included fine aggregates (<2.5 mm), a water-cement ratio of 0.2—
0.25, silica fume for particle packing, and 2% volume fraction steel fibers (length 13 mm, diameter 0.2 mm) to enhance
ductility and crack resistance. The steel fibers were high-strength, hooked-end fibers with a tensile strength of
approximately 1200 MPa, sourced from a commercial supplier (e.g., Bekaert Dramix or equivalent), commonly used in
UHPSFRC applications for their superior anchorage and pull-out resistance. The 2% volume fraction (equivalent to 157
kg/m3) was selected to optimize tensile strength, bond enhancement, and energy dissipation while maintaining
workability. These properties were verified through preliminary cube and prism tests, ensuring consistency with
UHPSFRC standards [19-23]. The particle size distribution of aggregates is a critical factor in achieving the desired
packing density and mechanical performance for both materials. Conventional concrete incorporated a well-graded
aggregate mix with particle sizes ranging from 0.075 mm (fine sand) to a maximum of 20 mm (coarse aggregate),
following a typical gradation curve for structural concrete. In contrast, UHPSFRC utilized only fine aggregates with
sizes ranging from 0.075 mm to 2.5 mm, ensuring a dense matrix through optimized particle packing enhanced by silica
fume. This restricted gradation in UHPSFRC contributes to its ultra-high strength and reduced porosity, while the
broader gradation in conventional concrete supports workability and cost-effectiveness. Detailed gradation profiles,
though not graphically represented, align with standard practices for UHPSFRC and conventional concrete as reported
in the literature [19, 23]. For illustrative purposes, approximate cumulative passing percentages for key sieve sizes are
summarized in Table 3 to highlight the distinct aggregate characteristics of the two materials.
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Table 3. Approximate Particle Size Distribution of Aggregates Used

Sieve Size (mm)  Conventional Concrete (% Passing) UHPSFRC (% Passing)

20 100
10 70-80
4.75 50-60
2.5 40-50 100
1.18 30-40 70-80
0.6 20-30 50-60
0.3 10-20 30-40
0.075 5-10 10-15

3.4. Specimen Fabrication

The specimens were cast horizontally at a 1:1 scale to replicate real-world construction conditions, using 20 mm
thick film-coated wooden formwork sealed with waterproof adhesive to prevent leakage. Aluminum bars with a 50 mm
cross-section were employed to reinforce the formwork against casting pressures, ensuring dimensional stability (Figure
4-a). Reinforcement cages were meticulously assembled by fixing longitudinal bars to stirrups using wire ties, with
additional transverse bars in the joint region of S1 to maintain stability (Figure 4-b). For S2 and S3, the absence of joint
stirrups necessitated careful alignment to ensure UHPSFRC could effectively encase the longitudinal bars.

N g
Reinforcement

" Reusable | Reusa[ll;:)eu::looden
wooden | Square Steel | s
mould blocks &

B

& T

o

¢) Column end details d) Concrete casting

Figure 4. Fabrication process

To facilitate transportation and assembly, lifting hooks made from 25 mm diameter bars were embedded at strategic
locations. Spacer blocks maintained a 25 mm concrete cover between reinforcement and formwork. At the column ends,
four anchor bolts were secured to steel plates (350 x 350 x 10 mm) to fix loading devices and distribute forces evenly,
preventing localized stress concentrations (Figure 4-c). Conventional concrete was mixed at a batch plant and poured
into non-strengthened regions, while UHPSFRC was prepared in the laboratory with a 5-minute mixing duration to
ensure uniformity. The two concretes were separated by wooden plates during casting, which were removed post-
placement to ensure monolithic bonding, followed by thorough vibration (Figure 4-d). After 24 hours, specimens were
demolded and cured under wet burlap for 28 days to achieve design strengths (Figure 5). To ensure consistent material
properties, curing occurred in a controlled laboratory environment with a temperature maintained at 23 + 2°C and
relative humidity at 95 + 5%, monitored daily using a digital hygrometer and thermometer. These conditions minimized
variations in concrete strength development and UHPSFRC fiber-matrix bonding, aligning with standard practices for
high-performance concrete [19, 23].
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a) Post-casting curing b) Demolded specimen

Figure 5. Curing Process

3.5. Instrumentation

Before installing instruments, a numerical modelling using ABAQUS was conducted to predict the responses of the
frame with the main steps as follows:

Geometry Development: Three-dimensional finite element (FE) models of specimens S1, S2, and S3 were
constructed based on the exact dimensions specified in Table 1 (beam: 350 x 450 mm; column: 350 x 350 mm).
Reinforcement details were replicated, and UHPSFRC was modeled as a distinct layer with lengths of 800 mm
(S2) and 1025 mm (S3) along the beam and joint region.

Material Properties Assignment: Conventional concrete was modeled using the Concrete Damaged Plasticity
(CDP) model with a compressive strength of 30 MPa and an elastic modulus of 25 GPa. UHPSFRC adopted the
CDP model with a compressive strength of 150 MPa, tensile strength of 10 MPa, and strain-hardening behavior
derived from experimental data [19]. Steel reinforcement was defined as an elastic-plastic material with yield and
ultimate strengths from Table 2 (e.g., fy = 528-585 MPa, fu = 662—-701 MPa).

Boundary Conditions and Loading: The column top was fixed in all degrees of freedom, while an axial load of
650 kN was applied to the column. Cyclic lateral loading was imposed at the beam end following the displacement-
controlled protocol used in the experiments, with drift levels ranging from 0% to 6.5%. Perfect bond was assumed
between reinforcement and concrete, with an enhanced friction coefficient in UHPSFRC zones to reflect improved
interfacial bonding [28].

Meshing: The model was discretized using 8-node linear brick elements (C3D8R) with reduced integration. Mesh
size was set at 25 mm in the joint region for higher resolution of stress concentrations and 50 mm elsewhere to
optimize computational efficiency.

Simulation Execution: Nonlinear static analysis was performed with incremental displacement steps matching the
experimental drift levels. Load-displacement responses, crack patterns, and reinforcement strains were extracted
at each step.

Validation: Simulated results were compared with experimental data from Figures 6-12. The model accurately
predicted peak loads within a 5-8% error margin (e.g., S1: 185.8 kN experimental vs. 178.5 kN simulated; S2:
220.8 kKN vs. 212.3 kN; S3: 231.4 kN vs. 224.6 kN). Crack patterns aligned well with observed X-shaped shear
cracks in S1 and beam-dominated cracks in S2, though S3’s shear failure was predicted slightly earlier (4.0% drift
vs. 6.5% experimental), possibly due to idealized bond assumptions.

To capture crack patterns and reinforcement strain development, each specimen was instrumented with strain gauges
(KFG-5-120-A12, 5 mm length, 120 Q resistance) and linear variable differential transformers (LVDTSs). A total of 117
strain gauges were deployed across the three specimens, divided into three groups: 6 gauges on column longitudinal
bars near the joint centroid, 25 gauges staggered along top and bottom beam longitudinal bars, and 12 gauges on stirrups
in the beam and column (reduced to 37 for S2 and S3 due to absent joint stirrups). Gauge locations were determined
from preliminary finite element simulations identifying high-stress zones (Figure 6). LVDTs were placed at key points
to measure joint and beam displacements. Data were recorded in real-time using a data logger connected to a computer,
ensuring accurate tracking of strain and displacement throughout the loading cycles.
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Figure 6. Curing Process

This section presents a comprehensive analysis of the experimental findings from the cyclic loading tests conducted
on three full-scale reinforced concrete (RC) exterior joint specimens: S1 (control), S2 (strengthened with 800 mm
UHPSFRC), and S3 (strengthened with 1025 mm UHPSFRC). The investigation focuses on two primary aspects—crack
pattern evolution and reinforcement strain development, offering detailed insights into how UHPSFRC influences joint
behavior under reversed cyclic loading, with a particular emphasis on its implications for seismic resilience. The results
are discussed in terms of failure modes, crack propagation mechanisms, strain distribution, and their broader
implications for seismic design and construction practices, providing a deeper understanding of UHPSFRC’s role in
enhancing structural performance. Comparisons across specimens highlight the role of UHPSFRC strengthening length
in altering joint performance, while additional analyses explore unexpected trends, underlying mechanisms, and
practical considerations to bridge the gap between experimental observations and real-world applications.

4.1. Crack Patterns
4.1.1. Control Specimen S1

The testing of specimen S1 revealed a classic progression of damage typical of conventionally reinforced RC exterior
joints under cyclic loading. During the initial force-controlled phase, the first visible crack emerged at the beam-column
interface—a region of high tensile stress concentration due to moment transfer (Figure 7-a). This crack, appearing at a
relatively low load (approximately 50-60 kN), marked the onset of joint distress and reflected the inherent weakness of
conventional RC joints lacking enhanced confinement, a vulnerability well-documented in seismic failures such as the
1999 Kocaeli earthquake [2]. As the experiment transitioned to displacement control, cracks propagated along the beam
length and column ends at drifts of 0.75% and 1.0%, driven primarily by flexural stresses (Figures 7-b and 7-c). These
cracks were relatively wide (up to 1 mm at 1.0% drift) and numerous, indicating limited shear resistance and confinement
from the stirrups, which struggled to counteract the tensile stresses induced by cyclic loading.
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At 1.4% drift, diagonal cracks formed within the joint, signaling the transition to shear-dominated behavior (Figure
7-d). This development was expected, as exterior joints are particularly susceptible to shear failure due to the lack of a
confining beam on one side. The emergence of these diagonal cracks at this drift level highlights the joint’s inability to
dissipate energy effectively, a common limitation in pre-modern seismic designs where shear capacity relies heavily on
concrete alone once tensile cracking initiates. By 1.75% drift, the diagonal crack network intensified, accompanied by
initial concrete spalling along the joint edges, indicating significant shear distress (Figure 7-e). This spalling suggests
that the six layers of 10 mm stirrups at 80 mm spacing were insufficient to restrain crack growth under increasing cyclic
demands, allowing stresses to concentrate and degrade the joint core progressively. At peak load (185.8 kN, 2.2% drift),
a pronounced X-shaped crack pattern fully developed across the joint core, extending approximately 50 mm into the
column’s back face (Figure 7-f). This pattern is characteristic of shear failure in RC joints, where diagonal tension
exceeds the concrete’s capacity, and transverse reinforcement struggles to restrain crack widening. The crack widths at
this stage reached 1.5-2 mm, reflecting a significant loss of structural integrity and exposing the joint’s brittle nature
under cyclic loading, a failure mode that compromises energy dissipation and increases collapse risk in seismic events.

As drift increased to 2.75%, crack widths grew substantially, with some exceeding 2 mm, and additional spalling
occurred along the beam-column interface (Figure 7-g). This escalation underscores the progressive loss of confinement
as the concrete core fractured, allowing cracks to propagate freely and highlighting the inadequacy of conventional
detailing in sustaining repeated load reversals. Severe damage became evident at 3.5% drift, marked by extensive
diagonal crack propagation, widespread concrete spalling, and visible rebar exposure at multiple locations within the
joint (Figure 7-i). This stage highlighted the limitations of conventional reinforcement in resisting cyclic shear, as the
concrete core disintegrated under repeated loading. At 4.0% drift, under reversed loading cycles, cracks widened
further—some reaching 5 mm—and the concrete cover detached from the beam, exacerbating joint degradation (Figure
7-j). The experiment concluded at 5.0% drift with complete joint failure, characterized by concrete crushing, longitudinal
rebar rupture, and a collapsed joint core (Figure 7-k). This shear-dominated failure aligns closely with Tuken et al. [1],
who observed similar X-shaped crack patterns and peak loads (around 180-190 kN) in conventionally reinforced RC
joints under cyclic loading, attributing failure to inadequate shear capacity and poor confinement. However, unlike their
study, which used UHPC jacketing to achieve a 20-30% load increase, S1 serves as a baseline without retrofitting,
confirming the vulnerability of standard joints and setting the stage for UHPSFRC’s comparative benefits.

4.1.2. Strengthened Specimen S2

Specimen S2, strengthened with an 800 mm UHPSFRC layer, exhibited a markedly different crack evolution
compared to S1, reflecting the material’ s superior tensile and confinement properties. The first crack appeared during
the force-controlled phase (P < 80 kN) at the interface between UHPSFRC and conventional concrete, located 450 mm
from the column face (Figure 8-a). This position, corresponding to the end of the strengthened zone, suggests a stress
discontinuity due to the transition in material properties, with UHPSFRC’s higher stiffness contrasting with the weaker
conventional concrete. Unlike S1°s wider initial crack (approximately 0.5-1 mm), this crack was notably narrower
(approximately 0.2 mm), likely due to the crack-bridging effect of steel fibers in UHPSFRC, which distribute tensile
stresses across multiple micro-cracks rather than allowing localized widening—a mechanism that enhances early-stage
damage tolerance [19].

During the displacement-controlled phase, cracks distributed uniformly along the beam at 0.75% and 1.0% drifts,
similar to S1 in pattern but significantly reduced in width and number (Figures 8-b and 8-c). These cracks, ranging from
0.1-0.3 mm, indicate that UHPSFRC’s high tensile strength (8—15.9 MPa) and fiber reinforcement effectively controlled
crack initiation and propagation, allowing the joint to sustain cyclic loads with minimal distress compared to S1’s wider
cracks (up to 1 mm). This finer crack network suggests improved energy dissipation capacity, a critical factor for seismic
performance. Notably, at 1.4% drift, no cracks appeared in the column—a stark contrast to S1—indicating that
UHPSFRC effectively confined the joint core and redistributed stresses away from the column (Figure 8-d). Diagonal
cracks emerged in the joint at 1.75% drift, mirroring S1’s shear pattern but remaining finer and less extensive, with
maximum widths below 0.5 mm (Figure 8-¢). This suggests that UHPSFRC not only delayed crack initiation but also
controlled their propagation, a critical advantage for seismic performance. The delayed onset and reduced severity of
these cracks highlight UHPSFRC’s enhanced shear resistance, likely due to its dense matrix (low porosity from a 0.2—
0.25 water-cement ratio) and improved fiber-matrix bonding, which collectively mitigate tensile failure under cyclic
shear [5].

At peak load (220.8 kN, 2.2% drift), a distinct failure pattern emerged: curved cracks extended 150 mm into the
column’s back face, accompanied by horizontal cracks along the beam, indicating a shift toward beam-dominated
flexural failure rather than joint shear failure (Figure 8-f). This 19% increase in peak load over S1 (185.8 kN) reflects
UHPSFRC'’s significant contribution to shear capacity, achieved by replacing transverse reinforcement with a material
that provides both strength and confinement. The curved crack pattern suggests that UHPSFRC redistributed bending
stresses, allowing the beam to yield plastically before the joint failed—a desirable outcome in seismic design that
enhances ductility and prevents brittle collapse. This beam flexural failure mode, characterized by progressive yielding
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and concrete crushing in the beam beyond the strengthened zone (observed at 4.0% drift, Figure 8i), contrasts sharply
with S1’s brittle shear collapse. The shift to flexural failure enabled S2 to absorb and dissipate seismic energy through
plastic deformation over a larger drift range (up to 6.5%), as evidenced by sustained strain growth to 8000 um/m,
improving seismic performance by delaying catastrophic joint failure and enhancing overall frame stability. This
observation aligns with the intended design goal of relocating damage outside the joint, leveraging UHPSFRC’s
enhanced tensile capacity. At 2.75% drift, a prominent curved crack reached two-thirds of the beam depth
(approximately 300 mm), yet the joint core remained largely intact, with minimal spalling (Figure 8-g). By 3.5% drift,
damage stabilized within the joint, with no significant deterioration beyond the beam’s strengthened zone (Figure 8-h).
The confinement provided by UHPSFRC’s steel fibers (2% volume fraction) likely contributed to this controlled damage
progression, limiting crack widening and spalling even at higher drifts.

From 4.0% to 6.5% drift, failure progressively concentrated in the beam, with concrete crushing observed at 4.0%
drift (Figure 8-i) and longitudinal rebar rupture at 6.5% drift (Figure 8-k). Unlike S1°s abrupt joint collapse, S2’s failure
was gradual, with damage confined to the beam beyond the UHPSFRC region (Figure 8-j). This shift to flexural failure
and 19% load increase (220.8 kN vs. 185.8 kN) aligns with Kubair & Kalyana Rama [9], who reported a 15-25%
capacity increase in UHPSFRC-strengthened RC joints under high axial loads, achieving peak loads of 210-230 kN
with a similar transition to beam failure. However, Kubair & Kalyana Rama et al. [9] noted wider cracks (0.8-1.2 mm)
at peak load, suggesting that the 2% steel fiber content in this study’s UHPSFRC mix provided superior crack control
compared to their 1.5% fiber volume. Additionally, Ghasemi et al. [31] observed a comparable shift to beam failure with
UHPSFRC strengthening, though their peak loads (200-215 kN) were slightly lower, possibly due to differences in joint
geometry or axial load (500 kN vs. 650 kN here). The finer cracks and higher ductility in S2 indicate that the 800 mm
length optimizes UHPSFRC’s confinement and tensile benefits, surpassing previous studies in crack width reduction.
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Figure 8. (a) First crack at material interface, (b) Drift 0.75% with beam cracks, (c) Drift 1.0% showing uniform distribution,
(d) Drift 1.4% without column cracks, (e) Drift 1.75% with diagonal cracks, (f) Drift 2.2% at peak load with curved cracks,
(9) Drift 2.75% with extended beam cracks, (h) Drift 3.5% with stable joint, (i) Drift 4.0% with beam damage, (j) Drift 5.0%
with progressive failure, (k) Drift 6.5% with rebar rupture.

4.1.3. Strengthened Specimen S3

Specimen S3, with a 1025 mm UHPSFRC strengthening length, shared similarities with S2 but diverged in its
ultimate failure mode, illustrating the nuanced impact of strengthening extent. The initial crack appeared during the
force-controlled phase (P < 80 kN) at the UHPSFRC-concrete interface, 675 mm from the column face, reflecting a
similar material transition effect as S2 (Figure 9-a). This crack, though fine (approximately 0.3 mm), was positioned
further from the joint, suggesting that the extended UHPSFRC length redistributed initial stresses along a broader beam
segment. During displacement control, cracks spread evenly along the beam at 0.75% and 1.0% drifts, maintaining
narrow widths (<0.5 mm) due to UHPSFRC’s fiber reinforcement (Figures 9-b and 9-c). This controlled crack
distribution mirrors S2 but extends further, indicating that the longer UHPSFRC layer enhanced tensile resistance across
a larger area, though it may have shifted critical stresses closer to the joint core as loading intensified.

At 1.4% drift, S3 mirrored S2’s behavior with no column cracks, reinforcing the effectiveness of UHPSFRC in joint
confinement (Figure 9-d). However, at 1.75% drift, X-shaped diagonal cracks emerged in the joint core, similar to S1
but less severe, with widths limited to 0.7 mm (Figure 9-e). At peak load (231.4 kN, 2.2% drift), cracks extended 150
mm into the column’s back face, accompanied by additional diagonal and horizontal cracks, indicating a mixed failure
mode (Figure 9-f). This 25% higher peak load compared to S1 (185.8 kN) and 5% higher than S2 (220.8 kN)
demonstrates that the longer UHPSFRC length further enhanced capacity, likely by distributing shear stresses over a
larger reinforced area. However, the mixed failure mode hints at a trade-off between strength and ductility, warranting
further investigation into optimal strengthening lengths.

At 2.75% drift, a curved crack formed at the beam-column intersection, 50 mm from the column face, reaching
significant depth (approximately 250 mm), while diagonal cracks in the joint widened slightly (Figure 9g). Severe
damage became apparent at 3.5% drift, with cracks perpendicular to the column axis, concrete spalling in the joint core,
and propagation into the column reaching 150 mm (Figure 9-h). The increased severity compared to S2 indicates that
the 1025 mm length may have over-strengthened the beam, reducing its flexibility and forcing the joint to absorb more
energy, a reversal from S2’°s beam-dominated failure. From 4.0% to 5.0% drift, extensive diagonal cracking covered the
joint, with widths exceeding 2 mm, and further column damage emerged (Figures 9-j and 9-j). The experiment concluded
at 6.5% drift with complete joint concrete crushing and significant rebar exposure (Figure 9-k). This shear-dominated
failure mode, though delayed and less brittle than S1°s due to UHPSFRC’s confinement (crack widths 0.7-2 mm vs. >2
mm in S1), indicates that the 1025 mm length over-strengthened the beam, shifting critical stresses back to the joint.
Unlike S2, S3’s failure involved rapid joint degradation after peak load, limiting ductility (strain dropped to 8500 pm/m
by 5.0% drift, yet its higher capacity and finer initial cracks still offered improved energy dissipation compared to S1’s
abrupt collapse, contributing to seismic performance by delaying failure progression.

This reversion to shear failure despite a 25% load increase over S1 contrasts with Yoo et al. [3], who achieved
consistent beam failure in UHPSFRC-jacketed bridge piers with peak loads of 220-240 kN, using a shorter jacket length
(600—-700 mm). Their study maintained crack widths below 0.6 mm, similar to S3’s early stages, but avoided shear
failure, possibly due to lower axial loads (300—400 kN vs. 650 kN here) or thicker jackets (50 mm vs. 25 mm cover in
this study). Conversely, Valcuende et al. [27] reported shear failure in UHPSFRC-strengthened elements under seismic
loading, with peak loads around 230 kN and crack widths up to 1 mm, aligning with S3’s outcome but with less ductility.
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The higher capacity in S3 compared to S2 and previous studies suggests that the 1025 mm length maximized strength
but over-stiffened the beam, redirecting stresses to the joint, a trend not observed in S2 or Yoo et al.’s [3] shorter
configurations. This comparison highlights a critical threshold in UHPSFRC application length, beyond which ductility

diminishes, offering a nuanced advancement over prior work.
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Figure 9. (a) First crack at interface, (b) Drift 0.75% with beam cracks, (c) Drift 1.0% showing distribution, (d) Drift 1.4%
without column cracks, (e) Drift 1.75% with X-shaped cracks, (f) Drift 2.2% at peak load with extended cracks, (g) Drift
2.75% with curved crack, (h) Drift 3.5% with joint damage, (i) Drift 4.0% with widespread cracking, (j) Drift 5.0% with

intensified damage, (k) Drift 6.5% with joint failure.
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4.2. Reinforcement Strain Development

The reinforcement strain development in the control specimen (S1) and the UHPSFRC-strengthened specimens (S2
and S3) was systematically compared to evaluate the impact of UHPSFRC on joint behavior under reversed cyclic
loading. Strain gauges positioned along the longitudinal bars of the beam and column, as well as beam stirrups (Figure
6), provided a detailed picture of strain evolution, captured in real-time via a data logger at a sampling rate of 10 Hz.
The comparison focused on three key criteria: (1) the onset of yielding, defined as the drift level where strain exceeded
the yield threshold (2800 pum/m, based on the steel’s yield strength of 528-585 MPa from Table 2); (2) peak strain at
maximum load (2.2% drift), indicating the maximum tensile demand on reinforcement; and (3) post-peak strain behavior
up to failure (5.0% for S1, 6.5% for S2 and S3), reflecting ductility and damage progression. These criteria were selected
to quantify how UHPSFRC alters strain distribution, plastic hinge formation, and energy dissipation compared to
conventional reinforcement, providing insights into seismic performance enhancement.

4.2.1. Longitudinal Reinforcement in Beam

Strain gauges positioned along the top and bottom longitudinal bars of the beam (Figure 6) provided a detailed
picture of strain evolution, captured in real-time via a data logger. For S1 and S2, yielding occurred at 1.4% drift, with
strains of 2798 um/m and 2678 um/m, respectively, indicating the onset of plastic deformation (Figure 10). S3, however,
reached yield earlier at 1.0% drift, peaking at 4744 um/m by 1.4% drift, reflecting a more rapid strain accumulation
possibly due to the extended UHPSFRC length altering stress distribution (Figure 10). This earlier yielding in S3
compared to S1 and S2 highlights UHPSFRC’s influence in accelerating tensile demands near the joint, likely due to
increased stiffness from the 1025 mm strengthened zone. At peak load (2.2% drift), strains escalated to 9873 um/m (S1),
5498 um/m (S2), and 11972 um/m (S3), with S3 exhibiting a 30% higher strain than S1 and over twice that of S2 (Figure
11). The significantly lower peak strain in S2 compared to S1 and S3 demonstrates UHPSFRC’s ability to redistribute
stresses away from the joint core at the 800 mm length, while S3’s higher strain suggests over-strengthening intensified
local demands, contributing to its shear failure mode.
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Figure 11. Drift-strain relationship for beam longitudinal reinforcement

Post-peak behavior further differentiated the specimens. S1 and S3 showed a decline in strain after 2.2% drift, with
values dropping to 7000 um/m and 8500 um/m by 5.0% drift, respectively, indicating damage localization and reduced
load-carrying capacity (Figures 11-a and 11-c). Conversely, S2’s strain continued to rise, reaching 8000 pm/m by 6.5%
drift, demonstrating sustained ductility and a gradual failure progression (Figure 11-b). This sustained strain increase in
S2, unlike the decline in S1 and S3, underscores UHPSFRC’s enhancement of ductility at the optimal 800 mm length,
allowing progressive energy dissipation through beam yielding rather than abrupt joint collapse. The strain distribution
revealed distinct plastic hinge locations: S1’s maximum strain occurred at Gauge #12 (200 mm from the column),
outside the joint, consistent with shear failure shifting damage to the beam-column interface. S2’s peak strain was at
Gauges #14-15 (400-500 mm), aligning with the UHPSFRC boundary, effectively relocating the hinge away from the
joint and supporting its beam failure mode. S3’s early yielding and high peak strain at Gauge #10 (near the joint) suggest
a less controlled hinge formation, potentially due to insufficient confinement beyond 1025 mm, correlating with its joint
shear failure. These strain profiles align with Shao et al. [28], who reported peak strains of 5000-6000 pum/m in
UHPSFRC-strengthened beams under cyclic loading, with a gradual increase similar to S2, though their study
maintained lower maximum strains (7000 pum/m) due to a shorter strengthened length (600 mm). In contrast, Huang et
al. [15] observed higher peak strains (10,000-12,000 pm/m) in UHPSFRC with embedded reinforcement, matching
S3’s values but without the subsequent decline, suggesting that S3’s extended length intensified strain concentration
near the joint, contributing to shear failure. The lower peak strain in S2 compared to both S3 and Huang et al. [15]
indicates an optimal balance of capacity and ductility, advancing beyond previous studies by achieving controlled hinge
relocation.

4.2.2. Longitudinal Reinforcement in Column

Column longitudinal strains, measured near the joint centroid (Figure 6), remained well below yield (<2800 pum/m)
due to the combined effects of a 650 kN axial load and lateral cyclic loading. At peak load (2.2% drift), strains were
1262 um/m (S1), 1471 pm/m (S2), and 1572 um/m (S3), with S3 exhibiting the highest value (Figure 12). This
comparison reveals that UHPSFRC in S2 and S3 increased column strains by 16—-25% over S1, reflecting greater joint
distress in S3 and balanced load transfer in S2, though all remained elastic due to axial confinement. This trend reflects
S3’s greater joint distress, where diagonal cracking amplified tensile stresses at the column-joint interface, whereas S2’s
balanced confinement minimized such effects. This trend persisted throughout the test, with S3 reaching 1800 um/m at

1506



Civil Engineering Journal Vol. 11, No. 04, April, 2025

6.5% drift, compared to 1500 pum/m (S2) and 1400 um/m (S1). The elevated strain in S3 correlates with its extensive
joint cracking, which amplified tensile stresses at the column-joint interface as diagonal cracks propagated into the
column face. The elevated strain in S3 correlates with its extensive joint cracking, suggesting that the longer UHPSFRC
length inadvertently increased column reinforcement demands, a potential concern in real structures with variable axial
loads.

S2’s intermediate strain suggests a balanced load transfer, with UHPSFRC mitigating shear-induced tensile demands
on the column reinforcement. S1’s lower strain reflects typical behavior in conventionally reinforced joints, where
damage concentrates in the joint core rather than the column. Zainal et al. [8] reported similar column strains (1200
1500 pm/m) in high-strength concrete joints with hybrid fibers, though their study achieved yielding at higher drifts
(3.0%) due to additional transverse reinforcement, unlike S1-S3, where joint failure preceded column yielding. The
higher strain in S3 compared to S2 and Zainal et al. [8] suggests that the 1025 mm UHPSFRC length increased column
demands, a finding not emphasized in prior work, highlighting the need for integrated beam-column design when
extending strengthening lengths.
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Figure 12. Drift-strain relationship for column longitudinal reinforcement

4.2.3. Stirrups in Beam

Beam stirrup strains, monitored at four locations near the joint (Figure 6), remained below the yield threshold (<2800
pm/m) across all specimens, reflecting their secondary role in shear resistance under UHPSFRC strengthening (Figure
12). S1’s strains grew steadily, peaking at 2500 pm/m at 5.0% drift, consistent with conventional confinement behavior
(Figure 13-a). S2 and S3, lacking joint stirrups, showed higher strains at Gauge #34 (near the joint), reaching 2700 pm/m
at 6.5% drift (S2) and 2600 pum/m at 2.2% drift (S3), then declining in S3 (Figures 13-b and 13-c). Compared to S1,
S2’s higher sustained strain indicates UHPSFRC effectively replaced stirrup confinement, while S3’s early peak and
decline suggest strain concentration shifted to the joint, consistent with its shear failure. Li et al. [19] observed lower
stirrup strains (2000—2200 pm/m) in UHPSFRC with low fiber content under dynamic loading, attributing this to fiber
confinement, though their study included stirrups throughout, unlike S2 and S3. The near-yield strains in S2 and S3
demonstrate UHPSFRC’s ability to replace stirrups effectively, a finding that extends beyond Li et al. [19] by eliminating
transverse reinforcement entirely while maintaining shear resistance, offering a practical simplification for seismic

retrofitting.
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Figure 13. Drift-strain relationship for beam stirrups

4.3. Discussion

The crack patterns and strain data reveal a complex interplay between UHPSFRC strengthening length and joint
performance. S1’s shear failure underscores the limitations of conventional reinforcement in resisting cyclic loading,
with wide cracks and rapid joint degradation reflecting inadequate confinement. The narrower crack widths observed in
S2 and S3 (<0.5 mm vs. >2 mm in S1) highlight UHPSFRC’s crack control, attributed to steel fiber bridging and
improved bond strength, which could reduce long-term deterioration (e.g., corrosion) in seismic regions. This aligns
with findings by Li et al. [19], who noted that UHPSFRC’s strain-hardening behavior under dynamic loading
significantly mitigates crack widening, enhancing long-term durability in seismic applications.

S2’s transition to beam flexural failure, with a 19% increase in peak load (220.8 kN vs. 185.8 kN), demonstrates
UHPSFRC'’s ability to enhance shear capacity and relocate damage, offering a practical solution for seismic retrofitting
where joint access is limited. The sustained strain growth in S2, as opposed to the decline in S1 and S3, corroborates Li
etal. [19], who found that hybrid fiber reinforcement in high-strength concrete joints enhances ductility by redistributing
strains away from the joint core. Conversely, S3’s higher capacity (231.4 kN) but reversion to shear failure suggests an
optimal strengthening length exists—around 800 mm in this study—beyond which benefits diminish, potentially due to
over-strengthening the beam and under-protecting the joint. The shift from shear failure in S3 to flexural failure in S2
supports Ghasemi et al. [31], who demonstrated that UHPSFRC strengthening length critically influences failure modes,
with optimal lengths preventing joint shear collapse under cyclic loads.

Strain development comparisons between S1 and the UHPSFRC specimens (S2, S3) reveal distinct performance
enhancements. S1 exhibited high peak strains (9873 um/m) and rapid post-peak decline, indicative of brittle shear failure
and limited ductility. In contrast, S2’s lower peak strain (5498 um/m) and sustained increase to 8000 um/m reflect
improved ductility and controlled hinge relocation, driven by UHPSFRC’s confinement and fiber bonding. S3’s
excessive peak strain (11972 um/m) and subsequent drop highlight a trade-off between capacity and ductility at longer
strengthening lengths. These differences, measured via yielding onset, peak strain, and post-peak behavior, underscore
UHPSFRC'’s role in optimizing strain distribution for seismic resilience, with S2 achieving the best balance.

The 800 mm strengthening length in S2 proved optimal due to its ability to balance beam stiffness and joint
confinement, effectively relocating the plastic hinge to the beam while maintaining joint integrity. This length,
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approximately twice the beam depth (450 mm), aligns with the effective plastic hinge zone (typically 1-2 times the
member depth) where flexural yielding is desired in seismic design, as per FEMA 356 guidelines. By strengthening up
to 800 mm, UHPSFRC enhanced the beam’s tensile capacity and shear resistance sufficiently to induce yielding beyond
the joint, as evidenced by curved cracks extending 150 mm into the column’s back face and peak strains shifting to 400—
500 mm from the column (Gauges #14-15). In contrast, S3’s 1025 mm length—over 2.2 times the beam depth—over-
stiffened the beam, reducing its flexibility and forcing shear stresses back into the joint core, as shown by X-shaped
cracks and higher strains near the joint (Gauge #10). This suggests that beyond a critical length (approximately 800 mm
here), additional UHPSFRC amplifies beam rigidity without proportionally enhancing joint confinement, leading to
shear failure despite a 25% capacity increase (231.4 kN vs. 185.8 kN in S1). The length of UHPSFRC application thus
directly influenced both failure mode—shifting from shear in S1 and S3 to flexural in S2—and ultimate load-carrying
capacity, with S2°s 19% increase reflecting efficient stress redistribution and S3’°s 25% increase indicating strength gains
at the expense of ductility. Preliminary ABAQUS simulations corroborated this, predicting beam hinge formation at 800
mm and joint shear distress at 1025 mm, validating the experimental trends.

The failure modes of UHPSFRC-strengthened specimens—flexural in S2 and shear in S3—differ markedly from
S1’s shear-dominated failure, enhancing seismic performance in distinct ways. S2’s beam flexural failure allowed
ductile yielding and energy dissipation through plastic hinge formation, as seen in sustained strain growth and a 19%
capacity increase, aligning with seismic design goals of controlled damage and collapse prevention. S3’s shear failure,
though less brittle than S1°s due to UHPSFRC’s confinement (delayed to 6.5% drift vs. 5.0% in S1), still limited
ductility, yet its 25% higher capacity and finer cracks improved energy absorption compared to S1, reducing the risk of
sudden collapse. These differences highlight UHPSFRC’s potential to tailor failure modes for seismic resilience, with
S2 optimizing ductility and S3 maximizing strength, both surpassing S1°s brittle response.

The practical implications of tailoring UHPSFRC length, as seen in S2’s optimal performance, are reinforced by
Xiong et al. [32], who found that UHPC connections in precast joints improve construction efficiency and seismic
resilience by optimizing damage distribution. This suggests that UHPSFRC can address construction challenges by
replacing stirrups in congested joint regions, improving concrete placement and structural resilience. However, the
variability in failure modes emphasizes the importance of calibrating strengthening length to specific joint geometries
and loading conditions. Tuken et al. [1] further support this, reporting that UHPC jacketing significantly reduces crack
propagation in RC joints under cyclic loading, enhancing damage tolerance, which is evident in S2 and S3’s finer crack
networks compared to S1.

An unexpected trend in S3—its reversion to shear failure despite higher capacity—raises questions about the balance
between beam and joint strengthening. This could indicate a threshold where extended UHPSFRC length shifts critical
stresses back to the joint, reducing ductility. Such behavior necessitates integrated beam-column design to avoid
unintended stress concentrations, particularly in real structures with variable axial loads or reinforcement layouts. The
increased peak loads in S2 and S3 (19% and 25% over S1, respectively) suggest potential for reducing transverse
reinforcement, but S3’s outcome cautions against over-reliance on length alone without considering joint confinement.

Environmental conditions during curing (23 £ 2°C, 95 + 5% humidity) and testing (25 + 3°C, 60 + 10% humidity)
were controlled to minimize their impact on material behavior and test outcomes. These stable conditions ensured
consistent concrete hydration and UHPSFRC fiber performance during curing, while preventing moisture or thermal -
induced variations in crack propagation and strain during testing. Analysis of strain and crack data showed no significant
anomalies attributable to environmental fluctuations, as confirmed by comparing results with preliminary ABAQUS
simulations conducted under assumed constant conditions (25°C, 60% humidity). This control supports the reliability
of the observed differences between S1, S2, and S3, attributing them primarily to UHPSFRC strengthening rather than
external variables.

These results advocate for UHPSFRC as a viable seismic retrofitting strategy, with S2’s balanced performance
meeting FEMA 273 criteria for enhanced seismic resilience [33]. Future parametric studies and numerical modeling
could refine optimal strengthening lengths, exploring variables like fiber volume, joint aspect ratio, and axial load effects
to ensure consistent ductility across diverse applications.

5. Conclusion

This study underscores the transformative role of ultra-high performance steel fiber reinforced concrete (UHPSFRC)
in bolstering the seismic resilience of reinforced concrete (RC) exterior joints, offering a leap forward from conventional
designs prone to brittle shear failure. The experimental results reveal a clear hierarchy of performance: the control
specimen (S1) succumbed to shear collapse at 185.8 kN, while UHPSFRC-strengthened specimens achieved higher
capacities—S2 at 220.8 kN with a ductile beam failure, and S3 at 231.4 kN, though reverting to shear failure. These
outcomes highlight UHPSFRC’s ability to enhance load-bearing capacity and control crack development, with S2’s 800
mm strengthening length emerging as an optimal configuration that balances strength and ductility. By shifting damage
to the beam and eliminating the need for joint stirrups, UHPSFRC addresses longstanding construction challenges, such
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as reinforcement congestion, while improving seismic energy dissipation—a critical advantage for retrofitting aging
infrastructure in earthquake-prone regions. The optimality of 800 mm stems from its alignment with the beam’s plastic
hinge zone, enabling controlled flexural yielding while preserving joint stability, whereas the 1025 mm length in S3
over-stiffened the beam, redirecting failure to the joint despite a higher ultimate capacity. Conversely, S3’s performance
suggests that extending the strengthening length beyond a certain threshold (1025 mm here) may over-stiffen structural
elements, compromising the intended ductility benefits. This research advances the field by pinpointing a practical
design parameter—strengthening length—that can guide engineers in optimizing UHPSFRC applications for robust RC
frames. The findings position UHPSFRC as a promising alternative to traditional retrofitting techniques, aligning with
global efforts to enhance structural safety against seismic threats.

Looking ahead, this study lays a robust foundation for integrating UHPSFRC into mainstream seismic design
practices, building on its demonstrated benefits in capacity enhancement and construction simplification. While the
superior performance of S2 suggests immediate applicability, the nuanced behavior of S3 calls for further exploration
to refine UHPSFRC’s limits and ensure consistent ductility across diverse conditions. Future research should prioritize
parametric studies—examining variables like fiber volume, joint aspect ratios, and axial load variations—to establish
comprehensive design guidelines. Numerical modeling could complement these efforts, offering predictive insights into
UHPSFRC’s behavior under a wider range of scenarios, while long-term durability tests under cyclic loading would
validate its viability in real-world settings. Cost-benefit analyses and field trials are also essential to accelerate
UHPSFRC’s adoption, particularly for pre-modern structures lacking seismic detailing. By synthesizing experimental
evidence with practical implications, this work bridges material innovation and structural engineering, advocating for
strategic UHPSFRC deployment to meet the evolving demands of seismic resilience. These advancements pave the way
for standardized approaches that could redefine how RC frames are designed and retrofitted, ensuring safer, more
sustainable infrastructure in an increasingly seismic world.
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