Seismic Drift and Shear-Strength Performance of Self-Consolidating Hybrid Fiber-
Reinforced Shear Walls: A Critical Review

Abdulkadir Ciineyt Aydin’,*®
‘Department of Civil Engineering, Atatiirk University, 25240 Erzurum, Ttirkiye

Keywords

Shear walls,

Energy dissipation,
Self-compacting concrete (SCC),
Hybrid fiber reinforced concrete
(HFRC),

Modified Compression Field
Theory (MCFT),

Concrete Damaged Plasticity (CDP),

Performance-based seismic design.

Abstract

The presented critical review the seismic performance of self-compacting hybrid fiber
reinforced concrete (SCC-HFRC) shear walls, addressing the structural vulnerabilities and
reinforcement congestion common in traditional reinforced concrete designs. Utilizing a
combination of macro-steel and micro-polypropylene fibers, the study investigates how
multi-scale crack bridging mechanisms enhance the shear strength, energy dissipation, and
drift capacity of structural walls. The methodology integrates large-scale cyclic testing with
advanced analytical modeling based on the Modified Compression Field Theory and Concrete
Damaged Plasticity. Findings demonstrate that SCC-HFRC walls maintain stable hysteretic

behavior at drift levels up to 3.0%, even when traditional boundary zone confinement is
reduced by as much as 75%. The hybrid fiber synergy transforms brittle failure modes, such
as web crushing, into ductile responses characterized by dense networks of fine hairline
cracks. By providing an independent matrix shear contribution of approximately 4.5 to 6.0
times the square root of the compressive strength, HFRC offers a robust alternative to dense
steel detailing. The paper concludes that transitioning toward performance-based
displacement design can significantly improve the constructability and resilience of high-
rise urban infrastructure in seismic regions.

1. Introduction
1.1. Structural vulnerability and the potential of hybrid fiber reinforcement

Recent seismic events in Chile and New Zealand demonstrate that even modern buildings designed with current codes remain susceptible to
severe damage [1], [2]. Reconnaissance data from the 2011 Christchurch earthquake reveals that approximately 16.2% of reinforced concrete
buildings in the central business district suffered severe damage or collapse, as illustrated in Figure 1. This high failure rate was largely
unexpected because many of these structures were considered modern, engineered systems, yet they failed to provide the safety margins
assumed in current standards [3]. These events confirm that traditional shear walls often fail to protect global stability during extreme shaking
intensities [1]. The scale of this destruction highlights a critical need to re-evaluate traditional design approaches and investigate more resilient
material alternatives that can withstand higher displacement demands than those anticipated by existing regulatory frameworks.

Common weaknesses in both older and modern shear walls include a lack of confining stirrups, inadequate reinforcement anchorage, and poor
material properties [1]. Modern slender walls are particularly prone to brittle concrete crushing in compression zones and global out-of-plane
buckling, failure modes that were primarily observed in laboratory settings before the Chile and New Zealand earthquakes [1], [2]. These failures
are often exacerbated by high axial load ratios and insufficient confinement steel outside of designated boundary zones, leading to irreparable
damage [1]. When walls lack sufficient boundary zone confinement, their concrete strain capacity may be significantly lower than typically
assumed values, resulting in sudden collapse [1]. This structural vulnerability emphasizes the importance of developing new methods to
improve the post-yielding stability of the compression zone, particularly in thin-walled sections where traditional steel cages are difficult to
place effectively.

Current seismic detailing for low-rise walls frequently leads to severe reinforcement congestion, which complicates the concrete casting process
and increases construction difficulties [3]. For walls with low aspect ratios, where the shear span-to-length ratio is less than 2.0, behavior is
primarily governed by shear rather than flexure [3]. This shear dominance often results in limited drift capacities, which experimental research
indicates can be as low as 0.3% [3]. Traditional regulatory frameworks typically mandate dense reinforcement patterns based on stress-based
checks to ensure safety, yet these requirements often make thin-wall construction practically impossible to execute with high quality [3].
Consequently, the engineering community faces a dilemma where code compliance for ductility leads to physical barriers in material placement,
suggesting that traditional steel-only reinforcement strategies have reached a practical limit in high-demand seismic zones.

High-Performance Fiber Reinforced Concrete (HPFRC) offers a potential solution to these challenges, distinguished by its pseudo strain-
hardening behavior under direct tension [3]. The integration of hybrid fibers promotes multiple fine cracking and high energy absorption,
characteristics that are critical for shear-sensitive elements subjected to displacement reversals [3]. Unlike standard concrete, which exhibits
brittle softening after cracking, the fiber synergy in HPFRC maintains load-carrying capacity across a wide strain range [3]. This material
technology offers a specific path to simplify reinforcement detailing while simultaneously enhancing shear resistance and damage tolerance
[3]. By replacing a portion of the traditional steel with distributed fibers, engineers can potentially achieve a more ductile structural response
that avoids the localized failure planes common in conventional reinforced concrete walls.
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Figure 1. Seismic Performance Statistics from the Christchurch Earthquake [1]

Description: Statistical summary of damage levels for various reinforced concrete building types during the 2011 Christchurch earthquake. The
data highlights the significant vulnerability of existing concrete wall systems to severe seismic loading, with a high percentage of red and
yellow tags indicating structural failure.

Note: Green, yellow, and red tags represent increasing levels of structural damage and safety risk assessed during post-earthquake
reconnaissance. Note the high proportion of concrete walls requiring significant repair or demolition, justifying the need for more resilient
designs.

Utilizing randomly oriented fibers allows for the partial or total elimination of complex confinement steel in wall boundary regions [3]. Research
suggests that HFRC walls can maintain stable hysteretic behavior at drift levels up to 3.0% even when confining steel is reduced to one-fourth
of code-required levels [3]. Optimizing these systems could lead to more redundant and constructible seismic infrastructure, as the inherent
material stiffness provides high lateral-load strength even with relatively low reinforcement ratios [3], [4]. This is particularly relevant given
that buildings dominated by structural walls have historically performed well due to their stiffness, yet they remain vulnerable to brittle failure
at high strains [3], [4]. By relaxing detailing requirements, SCC-HFRC not only improves structural safety but also addresses the practical
economic and labor constraints that currently hinder the construction of high-performance shear walls.

This work employs the Modified Compression Field Theory (MCFT) to account for the unique stress-strain characteristics of cracked concrete,
treating it as a new material with distinct average stress-strain properties [5]. Advanced fiber-based modeling is necessary to capture the
physical interactions between shear and flexure that simple plastic hinge models often overlook [2], [3]. The experimental validation within this
framework involves large-scale cyclic testing to correlate material-level fiber synergy with structural-level drift capacity and shear strength
[3], [5]. These analytical tools allow for the prediction of failure modes, such as concrete crushing or reinforcement yielding, by formulating
equilibrium and compatibility in terms of average stresses [5]. By integrating these sophisticated models, the study aims to provide a reliable
basis for quantifying the structural contributions of hybrid fibers in complex seismic loading scenarios.

The following chapters detail the fresh and hardened properties of self-compacting HFRC, establishing the material foundation for structural
analysis. The transition from seismic vulnerabilities to the proposed solution is conceptually mapped in Figure 2. Analysis then moves to the
seismic performance limits observed in laboratory settings and field reconnaissance from major earthquakes. The work concludes by proposing
a shift toward performance-based displacement design to better utilize the inherent ductility of HFRC in engineering practice [1], [2]. This
structure ensures a logical progression from microstructural fiber mechanics to full-scale structural recommendations. Ultimately, the paper
provides a comprehensive roadmap for integrating advanced composites into modern building codes, aiming to enhance the resilience of urban
infrastructure against future earthquake events.
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Figure 2. Conceptual Framework of the Research Problem

Description: This diagram illustrates the relationship between structural vulnerabilities identified in seismic reconnaissance and the proposed
HFRC solution.

Note: The model links observed failures in Chile and New Zealand to the material-level intervention of fiber synergy. Reinforcement congestion
Is identified as a primary construction barrier addressed by SCC-HFRC [1-3].

2. Material properties of SCC-HFRC

The presented review examines how integrating hybrid fiber systems into self-compacting concrete (SCC) can transform brittle matrices into
ductile structural materials. The transition from material-level behavior to full-scale engineering applications is fundamentally driven by a
multi-scale crack bridging mechanism, which is visualized in Figure 3. This conceptual framework illustrates how micro-fibers arrest early-
stage cracks while macro-fibers bridge larger gaps to maintain load-carrying capacity. Understanding these cylinder-level mechanical
properties is essential, as they directly govern the lateral drift and shear capacity of the structural walls analyzed in later chapters. The following
sections provide a detailed roadmap of this material performance, beginning with the fresh state rheological limits required for successful
structural casting and followed by an analysis of the hardened mechanical synergies and strength gains achieved through hybridization.
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Figure 3. Multi-Scale Crack Bridging Mechanism in HFRC
Description: Conceptual framework of the synergistic interaction between micro and macro fibers in the concrete matrix.

Note: Micro-fibers (e.g., polypropylene or PVA) arrest cracks at the mortar phase. Macro-fibers (e.g., steel) provide post-peak load bearing and
bridge macro-cracks.

2.1. Fresh state characteristics and rheological casting limits
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Developing self-compacting hybrid fiber reinforced concrete (SCC-HFRC) requires strict adherence to established rheological standards to ensure
the material can be placed effectively in complex structural geometries. According to [8], maintaining self-compacting properties necessitates
following EFNARC guidelines to ensure the mix flows under its own weight without external vibration. Standard laboratory procedures, such
as the slump-flow and L-box tests, serve as primary tools for characterizing these properties Figure 4. For structural casting, hybrid fiber
systems should ideally meet specific benchmarks, including slump flow values between 600 and 750 mm and an L-box blocking ratio (h2/h1)
greater than 0.80 [8]. These targets, summarized in Table 1, help verify that the composite can pass through narrow seismic reinforcement
openings without segregation or fiber blockages [8], [9].

Slump-flow test

Density test

Shrinkage test

Figure 4. Fresh State Property Testing Methods for SCC [9]

Description: Overview of standard laboratory procedures including slump-flow, V-funnel, and L-box tests used to characterize the workability
and passing ability of self~compacting concrete mixes.

Note: The L-box test is particularly relevant for evaluating how HFRC flows through the congested reinforcement typical of shear walls. Slump-
flow diameter is the primary indicator of horizontal free flow.

Table 1. Workability Thresholds for SCC-HFRC

Parameter Target Range Impact of High Fiber Dosage Source
Slump Flow 600 - 750 mm Reduced diameter due to balling [8]
L-Box Ratio (h2/h1) >0.80 Decreased passing ability [9]
T-500 Time 2 - 5 seconds Increased horizontal flow resistance [9]
Fiber Dosage Limit <1.0% (Vol.) Severe workability loss (Slump < 60mm) [10]

Description: Standard workability parameters and fiber dosage limits for maintaining self-compacting behavior.

Note: Slump flow targets follow EFNARC guidelines. Fiber dosages exceeding 1.0% significantly increase internal friction.

The addition of fibers significantly alters the internal friction of the concrete matrix, creating a trade-off between structural reinforcement and
workability. Research indicates that increased fiber content enhances internal interlocking, which restricts the free movement of concrete
constituents [9], [10]. Fiber geometry plays a critical role in this resistance; for instance, micro-fibers like carbon or micro-polypropylene often
cause a more substantial reduction in flowability than macro-fibers due to their higher aspect ratios [10], [11]. Data from [9] suggest a linear
decline in slump flow as dosages rise. Specifically, a 1.75% volume fraction can reduce slump flow by as much as 140 mm, highlighting how the
physical presence of fibers increases the internal resistance of the matrix and slows horizontal free flow.

To manage the increased viscosity associated with hybrid fiber systems, chemical optimization through high-range water reducers is essential.
Polycarboxylate ether-based superplasticizers are frequently utilized to counteract internal friction and maintain material stability [8]. These
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admixtures can enable a 30% water reduction while ensuring uniform fiber dispersion in dense matrices [8], [10]. However, the workability
window is also affected by hydration kinetics; high fiber dosages may significantly delay initial and final setting times by trapping water in
interfacial transition zones [10]. For example, a 2.0% hybrid fiber dosage has been observed to delay the initial set from approximately three
hours to five and a half hours [10]. This shift necessitates careful scheduling during the casting of structural walls to ensure the material
remains workable throughout the placement process.

Identifying practical casting thresholds is vital for translating HFRC from laboratory settings to field applications. Evidence suggests that
dosages exceeding 1.0% by volume often result in severe workability loss, with slump values dropping below 60 mm, which complicates standard
placement and compaction [10]. While higher volumes improve mechanical crack control, a 1.5% hybrid-fiber dosage is frequently identified as
the optimum threshold to balance self-compacting behavior with hardened performance [9]. Maintaining precise rheological control is
necessary to prevent fiber balling and ensure that fibers achieve the intended orientation within thin wall sections [10], [11]. Without such
control, the risk of non-uniform reinforcement distribution increases, potentially undermining the structural integrity of the shear wall. These
rheological constraints establish the baseline for subsequent analysis of the material’s hardened mechanical properties and synergistic strength
gains.

2.2. Mechanical synergy and hardened strength in HFRC

The integration of hybrid fibers into high-strength concrete primarily serves to enhance structural integrity, though its effect on compressive
strength is relatively modest. Research by [12] indicates that macrosteel fibers marginally enhance compressive strength by 4-8% through
improved mechanical interlocking within the matrix. However, the addition of microsynthetic fibers, such as polypropylene, can lead to slight
reductions in compressive capacity at higher dosages as the fiber volume fraction increases [12]. This reduction is often attributed to air
infiltration and the development of more porous microstructures during the mixing process [13]. Despite these variable strength gains,
hybridization consistently improves the modulus of elasticity by 15-20% [7]. This enhancement in stiffness is critical for structural walls,
although standard codes like BS 8110 may underestimate the actual stiffness of high-strength hybrid fiber reinforced concrete mixes [7].

While compressive gains are moderate, hybrid systems trigger a significant surge in tensile and flexural performance. Combining 1% macrosteel
with 0.15% micro-PVA fibers can result in a flexural strength increase of nearly 200% compared to plain concrete [12]. As shown in Figure 5,
these gains are substantially higher than those observed in split tensile or compressive categories. This mechanical synergy allows fiber-
reinforced systems to achieve a 27.6% higher tensile-to-compressive strength ratio, signaling a fundamental shift toward ductile material
behavior [13]. Furthermore, steel fibers provide a redundant load path that prevents the sudden failure typical of standard reinforced concrete.
By maintaining residual stresses, these fibers allow the ultimate load-carrying capacity to exceed the yield strength of conventional reinforcing
bars [14]. This behavior is essential for ensuring that structural walls remain stable during large seismic displacement reversals.

Compressive Strength

Flexural Strength

Property

Modulus of Elasticity

Split Tensile Strength

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Percentage Increase (%)

Figure 5. Mechanical Strength Gains in HFRC vs. Plain Concrete [7, 12]
Description: Percentage increase in mechanical properties for optimized hybrid fiber mixes compared to control specimens.

Note: Flexural strength shows the most significant improvement due to fiber bridging. Compressive strength gains are more moderate (approx.
4-8% for steel fibers).

The transition from brittle fracture to ductile propagation in HFRC is governed by a multi-scale crack control mechanism. Low-modulus
polypropylene fibers arrest micro-cracks during early loading stages, while high-modulus steel fibers bridge larger macro-cracks to prevent
brittle failure [6], [7]. This interaction fundamentally alters cracking behavior by increasing the number of individual cracks while significantly
reducing their maximum widths [14]. The distinct tensile response of high-performance fiber-reinforced composites (HPFRCC), characterized by
a pseudo strain-hardening plateau, is clearly visible in Figure 6.

Unlike the brittle softening of regular concrete, HFRC maintains stable load resistance through multiple fine cracking and enhanced energy
absorption [7], [13]. This multi-scale bridging ensures that the composite remains cohesive even under high strain levels, which is a vital
prerequisite for the drift capacity of full-scale structural walls.

The macroscopic mechanical gains of HFRC are supported by microstructural density improvements within the cementitious matrix. SEM
analysis confirms that hybrid fibers promote a denser interfacial transition zone (ITZ) by improving hydration kinetics and sealing micro-voids
[7]. Advanced nonlinear models utilizing response surface methodology have achieved high accuracy (R2 > 85%) in predicting these strength
enhancements, facilitating their integration into structural design frameworks [12], [13]. However, the development of reliable design equations
remains challenging. Current engineering models for crack spacing, such as those from RILEM TC 162, often remain inaccurate for fiber-
reinforced members because they fail to account for the residual stresses maintained after initial matrix cracking [14]. These modeling gaps
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highlight the need for specialized constitutive laws that capture the full range of fiber synergy to accurately predict the lateral capacity and
deformation limits of structural walls.

Stress High Performance FRCC
A

Regular FRCC

>
Strain

Figure 6. Tensile Stress-Strain Response: Regular vs. High-Performance FRCC [15]

Description: Comparison of tensile behavior showing the pseudo strain-hardening and multiple cracking characteristics of HPFRCC against the
brittle softening of regular fiber-reinforced composites.

Note: Focus on the ‘High Performance FRCC’ curve, which illustrates the strain-hardening phase essential for seismic ductility. The area under
the curve represents the energy absorption capacity of the material.

3. Seismic Performance of Structural Walls

Structural walls serve as the primary lateral-load-resisting elements in high-rise buildings and infrastructure located in seismic-prone regions.
However, historical data from major earthquakes, such as those in Chile and New Zealand, highlight significant vulnerabilities in traditional
reinforced concrete designs. Field observations, as illustrated in Figure 7, reveal that even modern buildings remain susceptible to diagonal
shear cracking and severe boundary zone instability. These failures are often driven by complex seismic demand parameters, where the
relationship between lateral displacement and ductility determines the overall stability of the system. This chapter establishes the structural
context for these risks, beginning with an analysis of failure mechanisms and ductility demands in Section 3.1, before evaluating the specific
stability and confinement challenges of wall boundary regions in Section 3.2.

(b) Santiago

Figure 7. Seismic Damage Patterns in Chilean Shear Walls [2]

Description: Field observations from the 1985 and 2010 Chile earthquakes, showing characteristic diagonal shear cracking and severe boundary
zone failure including rebar buckling.

Note: Panel (a) and (b) highlight diagonal tension cracks, while (c) and (d) show the catastrophic loss of confinement in boundary zones. These
failure modes are used to justify the need for high-performance ductile materials.

3.1. Failure mechanisms and ductility demands in structural walls

To accurately evaluate the seismic performance and deformation characteristics of structural walls, it is imperative to distinguish between
specific performance indicators and their associated failure criteria. In this study, wall drift ratio is defined as the relative lateral displacement
at the top of the wall divided by its total height, with failure typically defined by a 20% degradation from the peak lateral load capacity. Panel
shear strain refers to the angular deformation of the wall's web panel under in-plane shear forces, where the failure criterion is governed by
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the onset of diagonal web crushing or significant sliding shear. Connection rotation denotes the relative angular displacement occurring strictly
at the interface between structural elements (e.g., the wall-to-foundation joint), with failure marked by local anchorage loss, dowel fracture, or
concrete breakout. Finally, member chord rotation is defined as the angle between the chord connecting the base to the top of the member and
the tangent to the elastic axis at the support. The failure criterion for member chord rotation is the exceedance of the plastic hinge capacity,
which typically manifests as boundary element crushing or longitudinal reinforcement buckling.

Structural failure in low-rise walls follows a complex typology influenced by geometry and reinforcement distribution. As illustrated in Figure
8, standard mechanisms include diagonal tension, web crushing, and sliding shear at the foundation interface. According to [3], these modes
are “well documented” in walls subjected to lateral loading. Research indicates that low-rise configurations are particularly prone to brittle web
crushing, often failing before they can reach their full flexural yield capacity [3]. This sensitivity is largely a function of the aspect ratio; while
flexure typically dominates slender walls, shear effects become the primary driver for walls with an aspect ratio below 2.0 [3]. Identifying these
brittle precursors is essential for developing design strategies that shift the structural response toward more ductile outcomes, as discussed in
subsequent sections regarding fiber-reinforced alternatives.

Seismic Failure Modes

l

Shear-Dominated (Brittle) Flexure-Dominated (Ductile) Interface Failures

Diagonal Tension Diagonal Compression / Web Crushing Flexural Yielding Boundary Element Crushing Sliding Shear at Base Anchorage Slip / Bond Failure

Figure 8. Seismic Failure Mode Typology for Structural Walls

Description: Classification of failure mechanisms in reinforced concrete and fiber-reinforced walls under seismic loading.
Note: Failure modes are influenced by aspect ratio, reinforcement detailing, and material properties.

Sliding shear represents a critical deformation phase that typically emerges after flexural yielding once horizontal cracks form a continuous
plane at the wall base [3]. In this state, the traditional shear friction mechanism deteriorates significantly, leaving “dowel action” as the primary
force resisting lateral slip [3]. The development of this failure is sensitive to the magnitude of shear stress. Evidence suggests that sliding is

most common when nominal shear stresses remain in the moderate range, whereas stresses exceeding 0.58,/f'. Mpa (7,/f'cpsi)may promote

the formation of diagonal struts that actually suppress the sliding mechanism [3]. Understanding these mechanics is vital for seismic detailing,
as the reliance on dowel action necessitates specific reinforcement strategies at the wall-foundation joint to prevent premature instability and
ensure the wall can sustain displacement reversals during an earthquake.

Ductility is fundamentally defined as the ability of a structural system to sustain inelastic deformation without a “substantial loss in resistance”
[17]. This work utilizes the reinforcing index as the primary variable for predicting such capacity, as it unifies the behavior of different concrete
types by correlating directly with the compression force in the matrix [17]. However, material strength introduces notable trade-offs; for
instance, high-strength concrete may lead to a 30% reduction in sectional ductility, an effect that is particularly pronounced in rectangular
wall sections compared to more complex shapes [17] notes that controlling this index is more effective than relying solely on confinement,
providing a reliable range for curvature ductility. These findings suggest that achieving high performance in structural walls requires a careful
balance between material strength and the geometric limits of the section.

Drift capacity serves as a governing performance metric in seismic design, yet it remains constrained by both material properties and regulatory
limits. Yield curvature in rectangular sections is largely a function of reinforcement yield strain rather than section stiffness [18]. As
summarized in Table 2, conventional reinforced concrete walls often reach their limit at approximately 1.5% drift, whereas hybrid fiber-
reinforced systems can maintain stability up to 3.0% [3]. Despite these material capabilities, [18] points out that code-mandated drift limits
frequently act as the primary constraint on design ductility, especially for slender walls. This regulatory ceiling often forces high-grade
reinforcement systems to remain elastic to satisfy safety standards, highlighting the gap between experimental potential and current
engineering practice. Therefore, refining these limits is necessary to fully leverage the energy dissipation benefits of modern high-performance
materials in seismic zones.

Table 2. Comparison of Drift Capacities: RC vs. HPFRC Walls

Material Type Typical Drift Capacity Crack Pattern Failure Mechanism

Conventional RC 0.3% - 1.5% Wide, localized cracks Brittle shear or crushing
HPFRC / HFRC 2.0% - 3.0%+ Multiple hairline cracks Ductile flexural yielding
Low-Rise HPFRC ~1.5% (Shear strain) Distributed diagonal Controlled sliding shear

Description: Summary of experimental drift limits and failure characteristics for different wall materials.
Note: Drift capacity is defined as the lateral displacement sustained before significant strength loss. HPFRC specimens show significantly higher
damage tolerance.

3.2. Stability requirements and confinement in wall boundary regions

Effective boundary element design is the primary consideration for achieving ductility in plastic hinge regions. According to [19], transverse
reinforcement is essential to confine the compressed concrete core, inhibit shear failure, and prevent the buckling of longitudinal
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reinforcement. The mechanical limit of this system is defined by the first hoop fracture, which marks the termination of the useful stress-strain
region for the confined core [19]. As visualized in Figure 9, the effectiveness of this confinement depends on the arching action between
reinforcement layers, specifically influenced by hoop spacing and bar distribution [19]. Following a hoop fracture, a sudden drop in compression
capacity occurs as the core loses its lateral support. This instability is particularly sensitive to loading conditions; evidence suggests that higher
axial compressive loads significantly increase the quantity of confining steel required to maintain stable plastic rotations [19].

Transverse Hoops

A
‘ Lateral Confining Pressure ‘

l

Effective Core Confinement ‘

=

Prevents Rebar Buckling Increases Compressive Strain Capacity ‘
A 4 A 4
Maintains Structural Integrity ‘ ‘ Enhanced Plastic Rotation ‘

Figure 9. Mechanics of Confined Boundary Elements

Description: The role of transverse reinforcement in maintaining stability of the compression zone.
Note: Confinement effectiveness depends on the ‘arching action’ between hoops. Failure is often triggered by the fracture of the first hoop.

Recent reconnaissance data from seismic events in Chile and New Zealand indicates that modern slender walls remain susceptible to out-of-
plane buckling and boundary crushing even when they comply with current building codes [2]. Field observations, such as those shown in
Figure 10, reveal that thin wall boundaries often fail to develop ductile compression behavior, suggesting that current ACI and AIJ
recommendations may be insufficient [2]. A critical factor in these failures is the concrete cover thickness; for instance, a large cover of 40 mm
can lead to the total loss of core stability once the cover concrete spalls under high strains [2]. To improve structural resilience, [2] suggests that
walls must be designed to maintain a stable compressive zone as the material yields. This stability is vital for preventing the brittle catastrophic
failures observed in laboratory and real-world seismic scenarios.

Figure 10. Boundary Crushing and Reinforcement Buckling Failure [2]

Description: Post-earthquake photographs showing the catastrophic failure of a thin shear wall boundary zone, characterized by concrete
crushing and severe lateral buckling of vertical reinforcement. This real-world example validates the risks of boundary instability in modern
slender walls.

Note: The left panel shows a global view of the wall’s lateral instability. The right panel provides a close-up of individual rebar buckling after
the loss of concrete cover.

The development of plastic hinges in structural walls is heavily influenced by the interaction between shear and axial demands. Research
indicates that significant diagonal cracking can cause the plastic curvature zone to extend up to twice the height predicted by traditional
bending moment models [20]. This extension is driven by additional tension demands on vertical reinforcement (T, = V/2) that standard
uncoupled models often overlook [2]. Here, T, is the additional tension force demand on the vertical reinforcement (in kN or Ibf), and V is the
applied horizontal shear force (in kN or 1bf).
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Furthermore, axial load levels fundamentally alter the hinge length; while compression tends to reduce the extent of plastic curvatures, axial
tension expands the zone of high curvature [20]. In interconnected wall systems, these demands become even more complex. The stiffness of
longer walls can dictate the displacement of shorter walls, potentially driving premature boundary failure in the smaller elements due to
increased curvature demands [20]. Such systemic interactions necessitate more conservative detailing than isolated wall models typically
suggest.

High-performance fiber-reinforced cement composites (HPFRCC) offer a functional alternative to traditional confinement by providing superior
strain capacities. These materials behave like well-confined concrete even in an unconfined state, with compression strain capacities often
exceeding 1.0% [15]. Experimental data demonstrates that HFRC boundary zones can maintain stability and resist crushing without traditional
transverse hoops even at high strain levels [15]. Furthermore, the inclusion of fibers effectively prevents the buckling of longitudinal bars after
damage localization has occurred, maintaining the integrity of the compression zone [15]. By utilizing these fiber systems, engineers can achieve
substantial reductions in transverse reinforcement, directly mitigating the congestion issues common in thin seismic walls [15]. This
mechanical synergy provides a robust path toward simplifying reinforcement detailing while simultaneously enhancing the damage tolerance
and drift capacity of structural walls in seismic regions.

4, Current State of Research

The research landscape for high-performance concrete has evolved significantly, shifting from material-level investigations to full-scale
structural applications. This work maps the transition from early laboratory fiber tests to the implementation of performance-based seismic
design for shear walls. As Figure 11 illustrates, the field has moved through distinct stages: beginning with panel element testing, progressing
to the evaluation of full-scale structural members, and finally arriving at the current frontier of code integration and standardization. The
following sections synthesize this development by first examining experimental findings regarding damage tolerance and energy dissipation,
followed by an analysis of how modern building codes and regulatory frameworks are adapting to accommodate these advanced fiber-reinforced
systems.

Material-Level Fiber Tests

Panel Element Testing

Full-Scale Structural Walls

Performance-Based Seismic Design

Code Integration & Standardization

Figure 11. Evolution of Research Focus in Structural Wall Engineering

Description: Timeline showing the shift from material-level fiber testing to full-scale performance-based seismic design for HFRC walls.
Note: The timeline reflects the transition from isolated material studies to integrated structural standards. Performance-based design is the
current frontier in seismic engineering.

4.1. Experimental Performance and Damage Tolerance of HFRC Elements

Laboratory investigations at the University of Toronto, utilizing a specialized Panel Element Tester, demonstrate that hybridizing macro and
micro fibers consistently outperforms monofiber systems in shear strength [23]. Data indicates that hybrid panels achieve a 10% to 20%
enhancement in ultimate shear stress compared to equivalent specimens containing macrofibers alone [23]. This performance boost is
particularly evident as the total fiber volume fraction increases, which results in progressive gains in post-cracking stiffness and ultimate
deformation capacity [23]. As summarized in Table 3, these synergy effects allow for shear stresses to reach higher limits, such as the 6.63 MPa
observed in 2% volumetric fraction tests, while maintaining structural integrity. These findings suggest that the interaction between different
fiber scales provides a more robust load-carrying mechanism than a single fiber type, establishing a clear mechanical advantage for hybrid
configurations in shear-critical elements.

Table 3. Comparison of Experimental Findings on Fiber Synergy

Study Specimen Type Key Performance Gain Synergy/Enhancement
[23] Panel Elements Shear Strength 10-20% boost over monofiber
[24] Slender Walls Energy Dissipation 41-49% increase over HPC
[21] Low-Rise Walls Peak Load Capacity 44-46% increase over RC

Description: Summary of structural performance gains from fiber hybridization across key experimental studies.
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Note: Energy dissipation gains are particularly high in slender wall configurations. Synergy effects refer to the performance boost of hybrid
mixes over monofiber equivalents.

Hybrid fibers effectively transform failure modes by replacing wide, localized cracks with a dense network of fine, evenly distributed hairline
cracks [3], [21]. In slender structural walls, this mechanism limits maximum crack widths to approximately 0.35-0.40 mm, whereas conventional
concrete specimens typically display significantly wider openings [24]. The micro-mechanism behind this behavior involves short discrete fibers
intercepting micro-cracks to delay their initiation, while macro-fibers bridge larger cracks to maintain aggregate interlock [23], [24]. This
multiple cracking pattern is visually confirmed in Figure 12, where the dense distribution of cracks prevents the brittle, localized failure
common in traditional reinforced concrete. By forcing the deviation of cracks from their original plane of propagation, the hybrid blend ensures
that the composite remains cohesive and damage-tolerant even under high tensile strain levels, which is vital for the seismic resilience of the
wall system.

(g) SL1.0PSC (h) SS1.0PSC

Figure 12. Crack Distribution in Hybrid Fiber Reinforced Panels [23]

Description: Post-test photographs showing the multiple cracking patterns in HySFRC specimens, illustrating effective damage distribution and
crack bridging [12].

Note: The dense network of fine cracks prevents the brittle, localized failure common in traditional reinforced concrete. Labels H1.5 and SL1.5
refer to specific fiber volume fractions and loading protocols used in the panel tests.

Under reversed cyclic loading, HFRC specimens exhibit stable hysteretic loops with energy dissipation capacities increasing by over 40% to 60%
compared to ordinary reinforced concrete [21], [24]. Strength degradation during these cycles is generally minimal, typically limited to less than
6.5% of the monotonic peak capacity, as the material maintains stable load resistance until the final steps before failure [23]. While the addition
of hybrid fibers significantly enhances energy absorption, the overall efficiency is sensitive to the axial load; evidence suggests that increasing
the axial compression ratio can reduce the energy dissipation capacity despite an increase in initial stiffness [21].

These cyclic response trends demonstrate that hybrid fibers provide a redundant load path that prevents sudden failure. Such stability is
essential for ensuring that structural walls can sustain repeated earthquake-induced displacement reversals without catastrophic loss of global
stability, supporting the move toward performance-based seismic design.

The HFRC matrix provides a substantial independent contribution to shear strength, measured as high as 0.38,/f'. Mpa (4—.51/ f'c psi) in low-

rise configurations [3]. Experimental evidence confirms that this enhanced matrix capacity allows for the relaxation or total elimination of
special boundary element confinement without sacrificing seismic performance [3], [25]. For example, spacing for boundary ties can be increased
to bw/2 or bw without leading to premature failure [25]. However, proper base detailing remains essential, as the addition of dowel bars is
required to prevent premature sliding shear at the foundation interface [3]. By combining high matrix shear resistance with effective sliding
control, engineers can achieve significant reductions in reinforcement congestion. This mechanical synergy, supported by the data in (Table 3),
provides a robust path toward more constructible and damage-tolerant seismic infrastructure, bridging the gap between material innovation
and practical structural engineering requirements.

4.2, Evolution of Performance-Based Seismic Design and Regulatory Frameworks

10



Aydin Civil Engineering Beyond Limits 4 (2026) 11170

The ACI 318-19 code update represents a major step in modernizing structural wall design by harmonizing nominal in-plane shear strength
equations for both seismic and non-seismic applications [22]. This change ensures comparable safety levels across the code while simplifying
the workflow for engineers managing diverse loading conditions (Table 4). A critical addition is the seismic shear amplification requirement in
Section 18.10.3.1, which addresses wall overstrength and higher-mode effects identified through nonlinear dynamic analyses [22]. Furthermore,
stricter detailing for boundary elements, such as new aspect ratio limits for hoops, directly responds to brittle failures observed during the Chile
and Christchurch earthquakes [22]. These updates reflect a broader regulatory trend toward incorporating empirical reconnaissance data into
standardized requirements to improve core confinement and prevent catastrophic instability in thin structural walls.

Table 4. Key Regulatory Updates in Seismic Design Standards

Standard Key Update Area Technical Change Rationale

ACI 318-19 Shear Wall Design Seismic Shear Amplification Account for higher-mode effects [22]
ACI 318-19 Boundary Elements Stricter Confinement Details Observations from Chile/NZ earthquakes [22]
ASCE 41-23 Concrete Walls Updated Evaluation Provisions First major update in 25 years [26]
ASCE 41-23 Seismic Hazard USGS Hazard Model Alignment Improved accuracy of risk assessment [26]

Description: Comparison of recent updates in ACI 318-19 and ASCE 41-23 regarding structural walls.
Note: ACI updates focus on new construction, while ASCE 41-23 targets existing buildings. Both standards show a clear trend toward
performance-based assessment.

Contemporary research suggests that yield curvature is a fundamental section property that remains relatively insensitive to axial load
variations or reinforcement ratios [18]. These findings challenge traditional force-based methods, which often fail to accurately model stiffness
and lead to significant errors when predicting damage in tension-dominated components [18]. Code-mandated drift limits frequently act as the
primary constraint on design, often forcing slender walls to remain elastic to satisfy displacement requirements [18]. Consequently, a direct
displacement-based design approach is increasingly viewed as the most effective regulatory path forward [18]. By designing specifically to
achieve these drift limits, engineers can better account for the high deformation capacity of modern materials, shifting the focus from abstract
force allocations to the actual lateral displacement limits that govern seismic performance.

The release of ASCE 41-23 introduces the first substantial update to reinforced concrete wall evaluation provisions in over 25 years [26]. This
standard integrates updated seismic hazard parameters from the U.S. Geological Survey to better reflect real-world structural risk [26].
According to [26], the regulatory evolution seeks to balance conservative margins with accurate assessments to separate “really dangerous
buildings” from those that are merely non-compliant with newer codes [26]. This shift toward more realistic performance-based evaluation is
summarized in Table 4, which highlights the alignment of hazard models with practical engineering needs. By streamlining ACI and AISC
provisions into a self-contained document, the standard improves the efficiency of seismic retrofits [26]. This modernization ensures that
practitioners can distinguish between varying levels of structural risk using the most current technical data available.

Despite advancements like the inclusion of Grade 100 reinforcement in special structural walls, explicit provisions for hybrid fiber reinforced
concrete remain absent from the ACI 318-19 code [22], [27]. While the current code provides a foundational framework for seismic resistance, it
does not yet quantify the specific shear contribution of fibers [27]. The transition of nonlinear dynamic analysis from an “academic issue” to a
standard engineering tool provides the necessary environment for adopting these systems [22]. However, several missing links remain, as
identified in Figure 13. These gaps include the lack of standardized tensile tests and explicit design equations for fiber-enhanced shear transfer
(Figure 13). Closing these gaps is essential for moving beyond research-oriented applications and establishing code-compliant design methods
that fully utilize the energy dissipation and drift capacity benefits of SCC-HFRC in high-rise seismic infrastructure.

Quality control for
SCC-HFRC
Fiber orientation effects

Construction Lack of standard tensile

tests
HFRC Standardization Material Characterization
Gaps

Fiber distribution models

Design Equations

Missing fiber shear

Confinement relaxation contribution (Vf)

limits
Figure 13. Standardization Gaps for HFRC in Building Codes
Description: Mindmap identifying current missing links in the integration of HFRC into structural concrete codes.

Note: While high-strength steel is now included, fiber-specific shear equations are still lacking. The gaps highlight the need for the analytical
framework proposed in later chapters.
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5. Analytical Framework and Modeling

Transitioning from the material synergy observed in previous chapters, this work now establishes the analytical framework required to predict
structural-level capacity. To simulate the seismic response of hybrid fiber reinforced concrete, researchers must choose between different
modeling philosophies, such as distributed inelasticity frame elements and fiber-based sectional analysis. The latter approach, which is further
detailed in Figure 14, involves discretizing the wall into individual fibers to capture the non-linear interaction between materials. These
numerical tools are used to identify key performance metrics, including lateral load capacity and the transition between different failure modes.
The following sections provide a roadmap for this assessment, beginning with the application of the Modified Compression Field Theory,
followed by the numerical implementation of shear-flexure interaction and the calibration of refined capacity formulas.
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Figure 14. Fiber-Based Sectional Analysis Approach [28]

Description: Structural elements are discretized into individual fibers representing unconfined concrete, confined concrete, and steel, each with
Its own uniaxial stress-strain law [28].

Note: Numerical integration of these fiber responses provides the overall sectional behavior. This approach is essential for capturing the non-
linear interaction between fibers and pure concrete.

5.1. Application of the Modified Compression Field Theory to HFRC

The Modified Compression Field Theory (MCFT) serves as a generalized approach for simulating the behavior of reinforced concrete by treating
cracked concrete as a unique orthotropic continuum with its own distinct stress-strain characteristics [29]. Unlike traditional truss models, this
theory formulates equilibrium, compatibility, and constitutive relationships in terms of average stresses and average strains [5]. The analytical
framework, visualized in Figure 15, relies on a rotating smeared crack model that allows crack directions to gradually reorient according to the
material response and loading conditions [29]. To ensure that deformations in the concrete and reinforcement are perfectly matched, the MCFT
utilizes compatibility conditions derived from Mohr’s circle of strain [5]. These geometric foundations relate average strains in any direction to
the principal strain components, assuming a perfect bond between the materials to calculate the overall shear response of the structural
element [5], [29].

MCFT Framework

‘ Equilibrium Conditions ‘ Compatibility Conditions ‘ Constitutive Relationships ‘
Average Stress Balance ‘ Mohr's Circle of Strain ‘ Cracked Concrete Laws
Compression Softening ‘ Tension Stiffening ‘

Figure 15. Analytical Framework of the Modified Compression Field Theory
Description: The three fundamental pillars of the MCFT framework ensuring structural equilibrium and compatibility.

Note: Equilibrium relates applied membrane stresses to internal material stresses. Compatibility ensures identical deformation between
concrete and reinforcement. Constitutive laws define the average stress-strain behavior of the cracked continuum.

A central component of the MCFT is the consideration of how cracking alters the base material properties. Experimental data indicates that
cracked concrete subjected to high transverse tensile strains is softer and weaker in compression than standard cylinder tests [5]. The

12



Aydin Civil Engineering Beyond Limits 4 (2026) 11170

‘compression softening’ effect is mathematically modeled by representing the principal compressive stress as a function of both the principal
compressive and tensile strains [29]. Specifically, the maximum compressive strength is reduced as the principal tensile strain increases, a
relationship captured through specialized formulas for f,, and f,,,,4, [29]. In this context, f,, denotes the principal compressive stress (in MPa
or psi), and f,y,qy represents the maximum principal compressive stress taking into account the compression softening effect (in MPa or psi).
Simultaneously, the analytical model accounts for ‘tension stiffening’ by maintaining significant tensile stresses between cracks even at high
strain levels [5]. These constitutive relationships are vital for this work, as they define the unique post-cracking behavior that governs the
ultimate capacity and stability of the shear wall under complex loading states [5], [29].

The transition from standard reinforced concrete to HFRC requires refining the shear transfer mechanisms at the crack interface. While
traditional MCEFT relies on aggregate interlock to transfer shear across rough cracks, hybridization introduces a multi-scale synergy where
micro-fibers delay crack coalescence and macro-fibers enhance post-cracking toughness [5], [23]. This synergy allows hybrid panels to
outperform monofiber equivalents by 10% to 20% in shear strength [23]. To capture these effects, the Disturbed Stress Field Model (DSFM) refines
the original theory by decoupling total strains into concrete net strains and crack slip strains [29]. This modification allows for the divergence
of principal stress and strain directions, providing more accurate predictions for elements with low reinforcement [29]. By incorporating
specialized constitutive laws that account for fiber pullout and residual tensile strength, the model effectively simulates the enhanced
deformation capacity and crack control characteristic of hybrid fiber systems [23], [29].

5.2. Numerical Modeling of Shear-Flexure Interaction in HFRC Walls

The simulation of hybrid fiber reinforced concrete (HFRC) members requires a robust numerical framework capable of capturing complex
damage states. As depicted in Figure 16, the Concrete Damaged Plasticity (CDP) model within ABAQUS provides this foundation by defining
material degradation through compressive crushing and tensile cracking [30]. To ensure realistic structural response, the bond characteristics
between the longitudinal reinforcement and the HFRC matrix are typically modeled using embedded region constraints, which facilitate
effective load transfer and prevent artificial slip [30]. The reliability of this approach is further confirmed by monitoring plastic strains, which
develop perpendicular to the positive principal plastic strain direction to accurately trace experimental crack patterns [30]. This visual
validation is essential for structural analysis, as demonstrated by the close agreement between laboratory failure modes and numerical strain
distributions shown in (Figure 16). These modeling steps enable researchers to identify critical damage locations before reaching ultimate
structural capacity.

Discretization Material Models Integration Validafion

C N N N N

Fiber Cross-Section Mesh Sensiiviy COP Mol Tension Stiflening Distriouted Inelasticity P-Delta Effects Base Shear Comparison Crack Patter Check

Figure 16. Modeling Shear-Flexure Interaction in Finite Element Analysis

Description: Methodological steps for simulating the nonlinear response of HFRC walls.
Note: Distributed inelasticity captures the spread of damage along the wall height. Sectional discretization into fibers allows for detailed stress-
strain integration.

To evaluate the seismic performance of HFRC shear walls, this work utilizes a fiber cross-section approach that discretizes the wall into
individual fibers. Each fiber is linked to a specific uniaxial stress-strain relationship, allowing the sectional stress-strain state of the element
to be obtained through the integration of these nonlinear responses [28]. This methodology is implemented using distributed inelasticity frame
elements, which are generally preferred over lumped plasticity models because they better capture the spread of damage and yielding
throughout the wall height during seismic simulations [28]. Furthermore, the modeling framework incorporates a total co-rotational
formulation to account for geometric nonlinearities, such as P-Delta effects and large rotations [28]. By correctly defining independent forces
relative to the element’s chord, this approach ensures that the simulation remains accurate even under the significant lateral displacements
expected in performance-based design scenarios.

The accuracy of HFRC simulations depends heavily on the calibration of specific constitutive models that reflect material synergy. For example,
specific tension stiffening laws must be used to represent how hybrid fibers bridge cracks effectively after the initial tensile failure of the matrix
[30]. Numerical evidence indicates that plastic curvature in these walls follows a linear distribution rather than the uniform block often assumed
in traditional building codes [20]. To align these numerical results with experimental load-deflection data, sensitivity analyses on parameters
such as the dilation angle, mesh size, and viscosity are critical [30]. Research suggests that a viscosity parameter of 0.002 often provides the
best stability for the solution, although the actual properties in physical specimens may vary from these idealized FEA values [30]. Establishing
these refined parameters is a necessary prerequisite for predicting the lateral capacity and failure transitions of fiber-enhanced structural
systems.
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Figure 17. Comparison of Experimental Crack Patterns and FEA Plastic Strain [30]

Description: This figure validates the accuracy of the Concrete Damaged Plasticity (CDP) model by comparing experimental failure modes with
numerical plastic strain distributions for HFRC columns [30].

Note: The FEA model (blue/green columns) accurately predicts the location of damage concentration observed in laboratory specimens. Color
gradients in the FEA represent varying levels of principal plastic strain.
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5.3. Lateral Capacity Prediction and Design Formula Calibration

The lateral resistance of HFRC walls is defined by the physical superposition of four distinct contributors: concrete diagonal struts, horizontal
and vertical steel reinforcement, and hybrid fiber bridging [21]. This superposition principle, visualized in Figure 18, allows the wall structure’s
resistance to be decomposed into specific concrete and reinforcement components [21]. To accurately capture the fiber contribution, a structural
enhancement coefficient of 0.3 is currently used to scale material-level tensile improvements within the global shear capacity formula [21].
Furthermore, the model incorporates interaction factors that adjust tensile strength based on the specific volume fractions of steel and
polypropylene fibers to reflect material synergy [21]. While hybrid fibers significantly boost peak loads, theoretical derivations from this work
suggest that the model must also account for the observed reduction in overall energy absorption and ductility when walls are subjected to
high axial compression ratios [21].

Figure 18. Truss-Diagonal Brace Mechanism for HFRC Shear Walls
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Figure 18. Truss-Diagonal Brace Mechanism for HFRC Shear Walls

Description: Superposition of force components contributing to the total lateral shear capacity.
Note: V, represents the wall structure resistance. V. represents the hidden column contribution. Vraccounts for the specific enhancement from
hybrid fiber synergy.

Shear strength in large-scale structural members is fundamentally governed by aggregate interlock, residual tensile strength, and dowelling
action, all of which remain sensitive to crack kinematics [31]. The Critical Shear Crack Theory (CSCT) provides a unified mechanical law that
bridges the gap between plastic yield criteria for small walls and the fracture mechanics required for large elements [31]. According to [31],
capacity formulas for very thick walls must account for a strength reduction proportional to the square root of member depth, aligning with
the d™%° size-effect law. Analytical integration along the critical shear crack suggests that lateral capacity decreases as the product of
longitudinal strain and effective depth increases [31]. This relationship demonstrates that both size and strain effects emerge naturally from
the physics of crack opening, providing a more robust basis for predicting the failure of deep HFRC members compared to purely empirical
approaches [31].

Modern ensemble algorithms have demonstrated superior reliability for HFRC modeling, with Gradient Boosting and XGBoost achieving R-
squared values between 0.90 and 0.95 for mechanical properties (Figure 19). Recent non-peer-reviewed preprint studies indicate that these
models capture complex, non-linear relationships more effectively than linear regression, frequently achieving error rates below 10% [32]. In
contrast, [30] notes that the ACI 318-11 code consistently overestimates HFRC capacity by over 23%, while British and Canadian standards tend
to underestimate performance. To bridge this gap, numerical models using Concrete Damaged Plasticity require precise calibration of viscosity
and dilation parameters to predict ultimate loads within a 5% error margin [30]. Data from [30] suggests that empirical equations originally
developed for GFRP-reinforced concrete currently provide the most accurate baseline for HFRC design provisions. These findings confirm the
necessity of adopting advanced modeling techniques to ensure structural reliability in critical seismic infrastructure [32].
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Figure 19. Predictive Accuracy of Machine Learning Algorithms for HFRC [32]

Description: Comparison of R-squared values for different mechanical property predictions using ensemble learning.
Note: Gradient Boosting shows the highest reliability for compressive and tensile strength. XGBoost is particularly effective for flexural strength
modeling.
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6. Discussion and Design Implications

This chapter marks the transition from analytical modeling to the practical evaluation of structural performance and urban resilience. The
discussion focuses on how hybrid fiber synergy balances the need for material innovation with the rigorous requirements of structural
reliability, a process visualized in Figure 20. By synthesizing the findings from previous chapters, this work evaluates the net benefit of these
advanced composites on the safety of high-rise infrastructure. The following sections provide a comparative analysis between hybrid fiber
reinforced concrete and conventional walls before proposing specific refinements for seismic design provisions.

Hybrid Fiber Synergy
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Multi-scale Crack Bridging
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Improved Tension Transfer
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Figure 20. Transition from Material Synergy to Structural Resilience

Description: Conceptual flow showing how fiber-level mechanisms translate into improved seismic performance for structural walls.
Note: The multi-scale crack bridging is the fundamental driver for the failure mode shift.

6.1. Performance Comparison: HFRC vs. Conventional Reinforced Concrete Walls

In terms of lateral deformation, HFRC specimens show a significant increase in drift capacity compared to traditional headed shear stud
reinforcement. Experimental data indicates that fiber-reinforced connections can reach 2.3% drift, while conventional shear stud systems often
fail at only 1.15% [33]. This performance gain is further supported by evidence from fiber-reinforced systems that provide “over 70% greater
average rotation capacity” [33], achieving approximately 0.04 rad before failure. These benchmarks are summarized in Table 5, which contrasts
the limits of both material types. While standard reinforced concrete walls generally reach their structural limit near 1.5% drift, HFRC walls
maintain stable behavior up to 3.0% even under cyclic reversals [3]. These findings suggest that hybrid fibers provide a more robust deformation
threshold for seismic applications than traditional steel detailing.

Table 5. Performance Comparison: Conventional RC vs. HFRC Shear Walls

Performance Metric Conventional RC Walls HFRC / HPFRC Walls

Typical Drift Capacity ~1.15% to 1.5% [33] 2.3% to 3.0%+ [3], [33]

Failure Mode Brittle (Shear/Breakout) [33] Ductile (Flexural/Fiber Pullout) [33]
Cracking Pattern Localized wide cracks [3] Dense multiple hairline cracks [3]
Stiffness Retention Significant loss after yielding [3] Higher secant stiffness maintained [3]
Rotation Capacity ~0.005 to 0.023 rad [3], [33] ~0.04 rad (+70% improvement) [33]

Description: Comparison of structural performance metrics and failure modes between traditional reinforced concrete (RC) and high-
performance fiber-reinforced concrete (HPFRC) walls based on experimental findings [3], [33].

Note: Drift capacity for HFRC often exceeds 2.5%, whereas RC walls typically fail near 1.5% [3]. HFRC exhibits a dense network of hairline cracks
compared to localized wide cracks in RC [3].
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The incorporation of hybrid fibers triggers a fundamental shift in structural response, transitioning from brittle failure modes to ductile flexural
behavior. As illustrated in Figure 21, conventional walls are susceptible to brittle web crushing or concrete breakout, while HFRC promotes a
more stable damage progression [25], [33]. This material technology enhances damage tolerance by creating a “much denser array of cracks of
smaller widths” [3] compared to the localized wide cracks typical of reinforced concrete. Mechanically, hybrid fibers maintain integrity through
gradual pullout and enhanced aggregate interlock [33]. In contrast, traditional reinforcement often suffers from sudden concrete breakout once
diagonal cracks develop [33]. By bridging these cracks effectively, HFRC prevents the rapid localization of damage, ensuring the wall remains
cohesive during large displacement reversals.
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Figure 21. Shear Wall Failure Mode Transition

Description: Diagram illustrating the shift from brittle shear failure in RC to ductile flexural failure in HFRC walls.
Note: HFRC maintains integrity through fiber pullout rather than sudden concrete crushing.

By leveraging the inherent properties of the HFRC matrix, engineers can achieve a “substantial reduction of the boundary element confinement
reinforcement” [25] without compromising seismic safety. Experimental results suggest the HFRC matrix provides an independent shear

strength contribution of approximately 4.5m (psi), which is considerably higher than the concrete contribution allowed for standard RC walls
[3]. This enhanced matrix capacity enables a more efficient design process where fibers replace dense hoop spacing. Despite such relaxed steel
detailing, HFRC specimens exhibit superior stiffness retention and energy dissipation, maintaining over 80% of their peak capacity even beyond
2.5% drift [3], [25]. This mechanical synergy justifies the movement toward performance-based design, as the material itself provides the
necessary confinement and shear resistance formerly dependent on complex steel cages [3], [25].

6.2. Refinement of Seismic Design Provisions for HFRC

Standard ACI code provisions for shear design, while widely used, exhibit significant performance gaps across different structural scales.
According to [34], these provisions may lead to “overly conservative designs” for members with high shear loads, yet they often provide
unconservative results for deep one-way structural elements. To rectify these inconsistencies, research points toward a unified shear equation
that explicitly integrates size and strain effects Table 6. This approach, derived from the Modified Compression Field Theory (MCFT), accurately
predicts the concrete’s contribution to strength by accounting for how crack spacing—and thus aggregate interlock—changes with member
depth [34]. By adopting a simplified MCFT framework, engineers can utilize practical design equations that replace cumbersome lookup tables
with direct calculations, ensuring both safety and efficiency in daily structural assessments [34].

Table 6. Proposed Refinements to Seismic Design Provisions

Design Aspect Current Code (ACI 318-19) Proposed HFRC Refinement

Shear Equation Empirical concrete contribution (V) [22] MCFT-based factors accounting for fiber bridging [34]
Boundary Elements Strict hoop spacing and seismic hooks [22] Relaxed spacing (up to b,,) due to fiber confinement [25]
Design Basis Force-based (Strength allocation) [18] Displacement-based (Drift limits) [18]
Strength Allocation Proportional to stiffness [18] Proportional to square of wall length (I2) [18]

Description: Summary of recommended changes to current design codes to better accommodate HFRC structural walls.
Note: Proposals aim to shift from force-based to displacement-based design frameworks.

Recent updates in ACI 318-19 reflect a regulatory shift toward enhanced confinement to prevent brittle failure in thin wall boundaries. The code
now limits the aspect ratio of hoops in boundary elements and mandates that crossties utilize “seismic hooks at both ends” [22]. Furthermore,
the permitted use of Grade 100 high-strength reinforcement necessitates stricter restrictions on hoop spacing and lap splices to ensure the
system remains reliable under extreme loading [22]. These updates also introduce refined methods for calculating the effective moment of
inertia, which improve the prediction of cracking and deflections in members with low reinforcement ratios [22]. Such developments establish

17



Aydin Civil Engineering Beyond Limits 4 (2026) 11170

a baseline where the integration of hybrid fibers could further optimize detailing by providing inherent confinement, potentially allowing for
the relaxation of dense steel cages described in (Table 6).

A fundamental shift from force-based to displacement-based design is increasingly supported by evidence that yield curvature is a fundamental
section property independent of reinforcement ratios or axial loads [18]. While hybrid fiber systems offer high theoretical ductility, existing
code drift limits often act as a governing constraint that prevents the full utilization of this material capacity [18]. Consequently, [18] argues
that “directly designing to achieve code drift limits” is a more appropriate methodology for seismic engineering. As summarized in Table 6, this
transition suggests allocating structural strength proportional to the square of wall length rather than traditional stiffness-based proportions
[18]. Such a framework better aligns regulatory standards with the actual lateral displacement limits of high-performance materials like HFRC,
ensuring that structural resilience is prioritized over abstract force allocations [18].

7. Conclusion: Advancing Structural Resilience through Hybrid Fiber Synergy

This work concludes that self-compacting hybrid fiber reinforced concrete significantly improves the seismic resilience of structural walls.
Experimental results demonstrate that HFRC walls maintain stable hysteretic behavior and achieve drift capacities between 1.5% and 3.0%,
even when traditional boundary confinement is reduced by up to 75% [3]. Optimized hybrid mixes, specifically those containing 1% steel and
0.3% polypropylene fibers, provide an 89.6% surge in split tensile strength, which directly enhances structural toughness [7]. As summarized in
Table 7, this integration of fibers transforms failure from brittle web crushing to a ductile mode characterized by multiple fine cracks rather
than localized failure [7]. According to [3], these specimens exhibited “superior damage tolerance” compared to companion RC specimens,
establishing a clear mechanical advantage for fiber-enhanced seismic infrastructure.

Table 7. Comparative Performance Summary: RC vs. HFRC Walls

Performance Metric Conventional RC Walls SCC-HFRC Walls Improvement / Change
Drift Capacity ~1.0% - 1.5% 1.5% - 3.0% Up to 100% increase [3]
Failure Mode Brittle shear / Crushing Ductile flexural yielding Transition to toughness [7]
Confinement Need High (Code-mandated) Reduced by up to 75% Significant relaxation [3]
Crack Pattern Localized wide cracks Distributed fine cracks Enhanced damage tolerance [3]
Tensile Strength Low / Negligible ~90% increase (split) Multi-scale bridging [7]

Description: Summary of key structural performance metrics for conventional reinforced concrete and high-performance fiber reinforced
concrete walls.

Note: Drift capacity for HFRC remains stable even with significantly reduced boundary confinement. HFRC walls exhibit superior damage
tolerance through multiple hairline cracking patterns.

The investigation reveals that a multi-scale crack control mechanism is the primary driver of improved ductility in structural walls. While
high-modulus steel fibers bridge macro-cracks to maintain load-bearing capacity, flexible low-modulus fibers arrest micro-cracks at early
loading stages [7]. Despite having significantly relaxed reinforcement detailing, HFRC walls exhibit similar or larger drift capacities than
conventional RC specimens [3]. Furthermore, the matrix itself contributes substantially to shear resistance; experimental benchmarks support

a lower shear strength limit of 0.5,/f'. Mpa (6.0,/f'. psi) for these systems [3]. This synergy between different fiber scales and the concrete
matrix ensures that structural integrity is maintained even under extreme displacement demands, providing a robust answer to the central
research question regarding the effectiveness of hybrid systems in replacing complex steel cages.

On a theoretical level, this study advances the application of fracture mechanics to structural walls by linking microstructural density to
macroscopic performance. Scanning electron microscopy confirms that fiber hybridization densifies the interfacial transition zone and the C-
S-H gel network [7]. According to [7], this densification “effectively mitigating micro- and macro-crack propagation,” providing the physical
basis for structural integrity. Analytical studies suggest that while flexural rotations dominate early response, shear distortions and base slip
account for over 70% of total drift as walls approach failure [3]. To capture these effects, [3] established a linear regression relationship
correlating maximum shear strength directly to vertical reinforcement: v, = 0.25 X (A,,f fy /AC,,) + 180 (psi). Where v,,,,, is the maximum
shear strength of the wall (in psi), Ay is the area of shear friction reinforcement (in mm?2 or in?), f, is the specified yield strength of the vertical
reinforcement (in MPa or psi), and A, is the gross area of the concrete section bounded by web thickness and length of section in the direction
of the shear force (in mm?2 or in2). This model provides a scientific foundation for predicting the complex interactions that govern the lateral
capacity of hybrid fiber-reinforced members.

The practical contributions of this work offer a roadmap for safer and more constructible seismic infrastructure, as illustrated in Figure 22. The
study proves that HFRC allows for a “substantial relaxation in the confinement reinforcement” in boundary regions without compromising
safety [3]. However, to prevent premature sliding shear at construction joints where fibers do not bridge the interface, [3] recommends the use
of dowel reinforcement to force inelastic deformations into the wall height. Implementing these guidelines, including the use of debonded dowel
bars, helps distribute inelastic rotations and avoids localized base failures [3]. These findings strongly support a shift toward performance-based
seismic design, utilizing HFRC properties to mitigate the reinforcement congestion that currently hinders high-quality concrete placement in
thin-wall structural systems [3].
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Material Optimization

v
Structural Detailing
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Regulatory Path
‘ Shear Equations Durability Standards

Field Implementation

Figure 22. Roadmap for Seismic Infrastructure Implementation

Description: Practical steps and detailing requirements for the adoption of HFRC in structural wall design.
Note: The use of debonded dowel bars is a critical detailing requirement to prevent sliding shear at construction joints. Future research must
address long-term durability to complete the regulatory path.

‘While the results are promising, certain limitations remain that guide future research. The findings may not be directly applicable to walls with
aspect ratios significantly below 1.2, highlighting a need for further investigation into very low-rise configurations [3]. Additionally, [7]
emphasizes that future research should aim to explore “long-term durability, creep behaviour, and fire resistance” to ensure broader structural
reliability. Optimization of fiber volume fractions below 1.5% is also necessary to balance cost-effectiveness with performance for wide industry
adoption [3]. Addressing these gaps in durability and scaling will complete the regulatory path toward fully standardized HFRC design.
Ultimately, this study demonstrates that hybrid fiber synergy provides a transformative opportunity to enhance urban resilience against future
seismic events by combining advanced material science with practical structural engineering solutions.
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