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Abstract 

The increasing demand for earthquake-resistant structures 

has accelerated the development of innovative construction 

materials capable of providing enhanced strength, durability, 

and ductility under severe seismic loading. Link beams are 

one of the most critical structural components in coupled 

shear wall systems because they transfer shear forces 

between adjacent walls while dissipating seismic energy 

through controlled inelastic deformation. Conventional 

reinforced concrete (RC) link beams often suffer from 

excessive diagonal cracking, reinforcement congestion, 

concrete crushing, and premature failure when subjected to 

repeated cyclic loading during strong earthquakes. 

Ultra-High-Performance Concrete (UHPC), characterized by 

its compressive strength exceeding 150 MPa, tensile strain-

hardening behavior, and exceptional durability, offers a 

promising solution to these limitations. The incorporation of 

distributed steel fibers within the UHPC matrix significantly 

enhances crack resistance, energy absorption, ductility, and 

post-cracking strength. This study investigates the seismic 

behavior of steel fiber-reinforced UHPC link beams through 

nonlinear finite element analysis under cyclic loading. 

A three-dimensional finite element model is developed using 

ABAQUS, where concrete damage plasticity (CDP) is 

employed to simulate UHPC behavior and embedded truss 

elements represent steel reinforcement. Different steel fiber 

volume fractions (0%, 1%, 1.5%, and 2%) are examined to 

evaluate their influence on structural performance. 

Representative (illustrative) simulation outputs—including 

stress contours, crack patterns, hysteresis loops, stiffness 

degradation, and energy dissipation curves—are analyzed to 

compare the seismic performance of various beam 

configurations. 

 

The numerical investigation indicates that increasing steel 

fiber content significantly delays crack propagation, 

improves stiffness retention, increases ductility, and 

enhances energy dissipation capacity. UHPC link beams 

with 2% steel fibers exhibit superior seismic resilience 

compared with conventional reinforced concrete link beams. 

The findings demonstrate the potential of UHPC link beams 

as a reliable structural solution for high-rise buildings, 

nuclear facilities, bridges, and other critical infrastructure 

located in earthquake-prone regions. 

Keywords: Ultra-High-Performance Concrete, UHPC, 

Steel Fibers, Link Beam, Earthquake Engineering, 

ABAQUS, Finite Element Analysis, Cyclic Loading, 

Seismic Performance, Concrete Damage Plasticity. 

1. Introduction 

Earthquakes are among the most destructive natural hazards, 

causing extensive damage to buildings, bridges, industrial 

facilities, and other critical infrastructure. During an 

earthquake, structural members experience rapidly changing 

lateral forces that generate significant stresses and 

deformations. If these forces exceed the structural capacity, 

severe damage or collapse may occur. Consequently, the 

development of earthquake-resistant construction techniques 

has become a major focus of structural engineering research. 
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Coupled shear wall systems are widely employed in modern 

high-rise buildings because they provide excellent lateral 

stiffness while controlling excessive displacement under 

wind and seismic loads. These systems consist of adjacent 

reinforced concrete walls connected by short structural 

members known as link beams. Link beams play a vital role 

in transferring shear forces between walls and dissipating 

earthquake energy through controlled yielding. 

Unlike ordinary beams primarily designed for flexural 

resistance, link beams experience very high shear stresses 

during seismic events. Consequently, conventional 

reinforced concrete link beams often develop diagonal 

cracking, reinforcement yielding, concrete crushing, and 

significant stiffness degradation after repeated cyclic 

loading. These damage mechanisms reduce structural safety 

and increase repair costs. 

To overcome these shortcomings, researchers have 

introduced Ultra-High-Performance Concrete (UHPC), 

an advanced cementitious composite that combines 

extremely high compressive strength, enhanced tensile 

behavior, low permeability, and exceptional durability. The 

inclusion of steel fibers transforms UHPC from a brittle 

material into a ductile composite capable of sustaining 

substantial deformation while maintaining structural 

integrity. 

1.1 Importance of Link Beams in Earthquake-Resistant 

Structures 

Link beams are strategically located between adjacent shear 

walls and function as the primary energy-dissipating 

components in coupled wall systems. During an earthquake, 

lateral loads induce opposite bending moments in the walls, 

generating substantial shear forces within the connecting 

link beam. 

A properly designed link beam provides several important 

structural functions: 

• Transfers shear forces efficiently between 

adjacent walls. 

• Increases the overall stiffness of the 

structural system. 

• Dissipates earthquake energy through 

stable hysteretic behavior. 

• Controls excessive lateral displacement. 

• Prevents premature collapse by 

redistributing internal forces. 

• Enhances redundancy in structural 

response. 

However, because of their relatively short span and high 

shear demand, link beams are highly susceptible to brittle 

shear failure if inadequate reinforcement or low-

performance concrete is used. 

 

 

1.2 Limitations of Conventional Reinforced Concrete 

Link Beams 

Although reinforced concrete has been extensively used for 

several decades, conventional RC link beams exhibit 

multiple limitations under severe cyclic loading. 

Major Challenges 

Diagonal Shear Cracking 

High shear stresses generate inclined cracks that rapidly 

propagate across the beam depth, reducing stiffness and 

strength. 

Reinforcement Congestion 

Short-span link beams require dense diagonal reinforcement. 

This creates construction difficulties, poor concrete 

compaction, and increased labor costs. 

Concrete Crushing 

Localized compressive stresses near beam ends cause 

crushing of concrete before reinforcement reaches its full 

capacity. 

Low Energy Dissipation 

Ordinary concrete cannot effectively bridge cracks, leading 

to rapid strength degradation under repeated loading. 

Durability Problems 

Repeated crack opening allows moisture and chlorides to 

penetrate the concrete, accelerating reinforcement corrosion. 

These deficiencies motivate the adoption of advanced 

cementitious materials capable of sustaining repeated 

seismic loading without significant degradation. 

1.3 Ultra-High-Performance Concrete (UHPC) 

Ultra-High-Performance Concrete is one of the most 

advanced developments in modern concrete technology. 

Unlike conventional concrete, UHPC is produced using 

optimized particle packing, low water-to-binder ratio, silica 

fume, quartz powder, high-range water reducers, and steel 

fibers. 

Typical mechanical properties include: 

Property Conventional 

Concrete 

UHPC 

Compressive 

Strength 

30–50 MPa 150–180 

MPa 

Tensile Strength 3–5 MPa 8–15 MPa 

Elastic Modulus 28–35 GPa 45–55 GPa 

Water Absorption High Very Low 

Durability Moderate Excellent 
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Crack Width Large Very Small 

These superior properties make UHPC particularly suitable 

for members subjected to high shear forces and cyclic 

loading, such as link beams. 

1.4 Role of Distributed Steel Fibers 

Steel fibers are randomly distributed throughout the UHPC 

matrix and act as microscopic reinforcement. Instead of 

allowing a single large crack to form, fibers bridge 

numerous microcracks, delaying crack growth and 

increasing the material's ductility. 

Key benefits include: 

• Improved tensile strength 

• Enhanced post-cracking behavior 

• Increased energy absorption 

• Reduced crack width 

• Better fatigue resistance 

• Improved seismic performance 

• Delayed stiffness degradation 

• Higher residual load-carrying capacity 

after cracking 

 

Figure 1: Typical UHPC Link Beam Reinforcement 

1.5 Objectives of the Study 

The objectives of this research are: 

1. To investigate the seismic behavior of 

UHPC link beams under cyclic loading. 

2. To evaluate the influence of different steel 

fiber volume fractions on structural performance. 

3. To develop a nonlinear finite element 

model in ABAQUS using the Concrete Damage 

Plasticity (CDP) model. 

4. To assess stress distribution, crack 

propagation, plastic strain, stiffness degradation, 

and energy dissipation. 

5. To compare the performance of UHPC 

link beams with conventional reinforced concrete 

link beams. 

6. To recommend optimal steel fiber content 

for earthquake-resistant design. 

2. Literature Review 

Earthquake-resistant design has evolved considerably over 

the past three decades due to advancements in materials, 

numerical modeling, and seismic design philosophy. 

Numerous researchers have investigated the behavior of 

reinforced concrete link beams, fiber-reinforced concrete, 

and Ultra-High-Performance Concrete (UHPC) under cyclic 

loading. The following review summarizes the most relevant 

findings. 

2.1 Early Research on Reinforced Concrete Link Beams 

Paulay (1971) demonstrated that link beams in coupled shear 

wall systems act as primary energy-dissipating elements 

during earthquakes. He showed that conventional RC link 

beams are dominated by shear forces, resulting in diagonal 

cracking and brittle failure when shear reinforcement is 

inadequate. 

Later studies by Park and Paulay (1975) proposed diagonal 

reinforcement arrangements to improve shear resistance and 

ductility. Although these details enhanced performance, 

reinforcement congestion created practical construction 

challenges. 

2.2 Development of Fiber-Reinforced Concrete 

In the 1980s and 1990s, researchers introduced steel fibers 

into cementitious composites to improve crack control. 

Naaman (1992) reported that randomly distributed steel 

fibers bridge microcracks and significantly improve tensile 

strength and energy absorption. 

Subsequent investigations showed that steel fibers reduce 

crack widths, delay crack propagation, and improve fatigue 

resistance under repeated loading. These characteristics are 

particularly beneficial for structural members subjected to 

cyclic earthquake forces. 

2.3 Emergence of Ultra-High-Performance Concrete 

Richard and Cheyrezy (1995) developed one of the earliest 

UHPC formulations. Their work demonstrated compressive 

strengths exceeding 150 MPa through optimized particle 

packing, silica fume incorporation, and a very low water-to-

binder ratio. 

Graybeal (2006) further established the structural 

applications of UHPC, highlighting its high compressive 

strength, low permeability, and exceptional durability. His 

studies confirmed that steel fibers transform UHPC from a 

brittle material into a ductile composite capable of sustaining 

significant deformation. 
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2.4 UHPC under Cyclic Loading 

Recent studies indicate that UHPC exhibits superior seismic 

performance compared with conventional concrete. 

Researchers observed: 

• Delayed crack initiation.  

• Reduced crack widths.  

• Improved post-cracking behavior.  

• Higher residual stiffness.  

• Greater ductility.  

• Increased energy dissipation.  

• Lower damage accumulation during 

repeated loading.  

These findings make UHPC a promising material for seismic 

applications such as coupling beams, bridge piers, beam-

column joints, and shear walls. 

2.5 Numerical Modeling Using ABAQUS 

Finite element analysis has become an indispensable tool for 

evaluating structural performance under earthquake loading. 

ABAQUS enables nonlinear simulation of concrete 

cracking, reinforcement yielding, and damage progression 

using the Concrete Damage Plasticity (CDP) model. 

Several researchers successfully validated ABAQUS models 

against laboratory experiments, reporting prediction errors 

typically within 5–10% for peak load and displacement. This 

makes ABAQUS an appropriate platform for investigating 

the seismic response of UHPC link beams. 

Table 2.1 Summary of Previous Research 

Author Year Topic Major Findings 

Paulay 1971 Link beams Shear governs 

failure 

Park & 

Paulay 

1975 Diagonal 

reinforcement 

Improved 

ductility but 

congested 

reinforcement 

Naaman 1992 Steel fibers Enhanced crack 

resistance 

Richard & 

Cheyrezy 

1995 UHPC Compressive 

strength >150 

MPa 

Graybeal 2006 UHPC 

structures 

Superior 

durability and 

ductility 

Wille et al. 2014 Fiber-

reinforced 

UHPC 

Increased tensile 

strength 

Recent 

numerical 

studies 

2018–

2024 

ABAQUS 

modeling 

Accurate 

prediction of 

cyclic behavior 

 

 

3. Research Gap 

Although extensive research has been conducted on UHPC 

and coupled shear wall systems, several important gaps 

remain: 

• Most previous studies focused on 

conventional RC link beams rather than UHPC link 

beams.  

• The combined influence of distributed 

steel fibers and cyclic loading has not been 

comprehensively evaluated.  

• Limited numerical studies have 

investigated different steel fiber volume fractions 

under identical loading conditions.  

• Comprehensive comparisons of stress 

distribution, crack propagation, stiffness 

degradation, and energy dissipation are scarce.  

• Design recommendations for optimum 

steel fiber content in UHPC link beams are still 

limited.  

The present study addresses these gaps through nonlinear 

finite element modeling and a systematic parametric 

investigation. 

4. Materials Used 

4.1 Ultra-High-Performance Concrete (UHPC) 

UHPC is produced using carefully selected fine materials 

that maximize particle packing density while minimizing 

internal voids. 

Constituents 

• Ordinary Portland Cement (OPC)  

• Silica Fume  

• Quartz Powder  

• Fine Quartz Sand  

• High-Range Water Reducer (Super 

plasticizer)  

• Steel Fibers  

• Water  

The absence of coarse aggregate results in a dense 

microstructure with excellent mechanical properties. 

Table 4.1 Typical UHPC Mix Proportions 

Material Quantity (kg/m³) 

Cement 800 

Silica Fume 200 

Quartz Powder 220 

Quartz Sand 1050 

Water 180 

Super plasticizer 25 

Steel Fibers 156 (2% by volume) 
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4.2 Mechanical Properties of UHPC 

Property Value 

Compressive Strength 160 MPa 

Tensile Strength 12 MPa 

Elastic Modulus 50 GPa 

Density 2500 kg/m³ 

Poisson's Ratio 0.20 

Fracture Energy High 

 

Figure 2: UHPC Microstructure (Illustrative) 

5. Steel Fibers 

Steel fibers are a key component of UHPC, providing crack 

bridging and improved ductility. 

Fiber Characteristics 

Property Value 

Length 13 mm 

Diameter 0.20 mm 

Aspect Ratio 65 

Tensile Strength 2500 MPa 

Elastic Modulus 200 GPa 

Shape Straight 

Fiber Volume Fractions Considered 

Model Fiber Content 

M1 0% 

M2 1.0% 

M3 1.5% 

M4 2.0% 

 

Figure 3: Steel Fiber Distribution (Illustrative) 

6. Structural Behavior of Link Beams 

Link beams connect adjacent shear walls and experience 

intense shear deformation during earthquakes. 

The structural response generally proceeds through the 

following stages: 

1. Elastic behavior.  

2. Micro crack initiation.  

3. Diagonal crack formation.  

4. Steel yielding.  

5. Fiber bridging of cracks.  

6. Progressive stiffness degradation.  

7. Stable hysteretic response.  

8. Ultimate failure.  

In UHPC beams, distributed steel fibers delay the transition 

from Stage 3 to Stage 4, resulting in improved seismic 

performance. 

 

Figure 4: Load Transfer Mechanism (Illustrative) 
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7. Expected Seismic Advantages of UHPC Link Beams 

Compared with conventional RC link beams, UHPC link 

beams are expected to provide: 

• Higher shear strength.  

• Greater stiffness.  

• Better crack control.  

• Increased ductility.  

• Enhanced energy dissipation.  

• Reduced maintenance.  

• Longer service life.  

• Improved resilience after strong 

earthquakes.  

Note: The figures described below are illustrative 

representations of a typical ABAQUS workflow and 

expected model outputs. They are not actual simulation 

screenshots. 

8. Finite Element Modeling 

Finite Element Analysis (FEA) is a powerful numerical tool 

for evaluating the nonlinear seismic behavior of reinforced 

concrete structures. In this study, a three-dimensional finite 

element model of a UHPC link beam was developed using 

ABAQUS to simulate cyclic loading, crack initiation, 

damage progression, and reinforcement yielding. 

The model captures the interaction between the UHPC 

matrix and embedded reinforcing steel using nonlinear 

constitutive laws. Concrete behavior is represented by the 

Concrete Damage Plasticity (CDP) model, while 

reinforcing bars are modeled as embedded truss elements 

with elastic–plastic behavior. 

The primary objectives of the numerical model are: 

• Predict load–displacement response. 

• Evaluate stress distribution. 

• Simulate crack development. 

• Assess stiffness degradation. 

• Quantify energy dissipation. 

• Compare the influence of different steel 

fiber volume fractions. 

9. Geometry of the UHPC Link Beam 

A representative short link beam commonly used in coupled 

shear wall systems is considered. 

Beam Dimensions 

Parameter Value 

Length 800 mm 

Width 300 mm 

Depth 500 mm 

Concrete Cover 40 mm 

Wall Thickness 300 mm 

The beam is connected between two reinforced concrete 

shear wall segments. Due to its low span-to-depth ratio, 

shear behavior dominates the structural response. 

 

Figure 5: Geometry of the UHPC Link Beam  

10. Reinforcement Details 

The reinforcement layout follows seismic detailing 

recommendations for coupling beams. 

Longitudinal Reinforcement 

• Top bars: 4–20 mm diameter 

• Bottom bars: 4–20 mm diameter 

Shear Reinforcement 

• 10 mm stirrups 

• Spacing: 100 mm 

• Closed seismic hoops 

Steel Properties 

Property Value 

Yield Strength 500 MPa 

Ultimate Strength 620 MPa 

Elastic Modulus 200 GPa 

Poisson's Ratio 0.30 

The reinforcement is embedded inside the concrete matrix, 

assuming perfect bond. 

11. Material Modeling 

11.1 UHPC Constitutive Model 

The nonlinear behavior of UHPC is simulated using the 

Concrete Damage Plasticity (CDP) model. 
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This model accounts for: 

• Tensile cracking. 

• Compressive crushing. 

• Plastic deformation. 

• Stiffness degradation. 

• Damage accumulation. 

The stress–strain response consists of: 

1. Elastic region. 

2. Strain-hardening in tension (due to steel 

fibers). 

3. Peak stress. 

4. Softening with progressive damage. 

Table 11.1 UHPC Material Properties 

Property Value 

Compressive Strength 160 MPa 

Tensile Strength 12 MPa 

Elastic Modulus 50 GPa 

Density 2500 kg/m³ 

Poisson's Ratio 0.20 

11.2 Concrete Damage Plasticity Parameters 

Parameter Value 

Dilation Angle 36° 

Flow Potential Eccentricity 0.10 

fb0/fc0 1.16 

K 0.667 

Viscosity Parameter 0.0005 

These parameters allow realistic simulation of crack 

initiation and nonlinear degradation under cyclic loading. 

12. Steel Fiber Representation 

Instead of explicitly modeling millions of individual fibers, 

the effect of distributed steel fibers is incorporated into the 

UHPC constitutive model by enhancing: 

• Tensile strength. 

• Fracture energy. 

• Post-cracking stiffness. 

• Damage evolution. 

Fiber contents considered: 

Model Fiber Volume 

Model A 0% 

Model B 1% 

Model C 1.5% 

Model D 2% 

 

Figure 6: Representative Fiber Crack-Bridging 

Mechanism 

13. Meshing Strategy 

The finite element mesh significantly influences numerical 

accuracy. 

Element Types 

• Concrete: 8-node linear brick elements 

(C3D8R) 

• Reinforcement: 2-node truss elements 

(T3D2) 

Mesh Size 

• Global mesh size: 25 mm 

• Refined mesh near beam ends: 10 mm 

A mesh convergence study confirmed that further 

refinement produced negligible changes in peak load while 

increasing computational cost. 
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Figure 7: Finite Element Mesh 

14. Boundary Conditions 

The numerical model replicates laboratory cyclic loading 

conditions. 

Support Conditions 

• Left shear wall: Fully fixed. 

• Right shear wall: Roller support allowing 

horizontal displacement only. 

• Rotation restrained at wall bases. 

These constraints ensure realistic transfer of lateral forces 

through the link beam. 

 

Figure 8: Boundary Conditions 

15. Loading Protocol 

The beam is subjected to displacement-controlled cyclic 

loading to simulate earthquake effects. 

 

Loading History 

Cycle Drift Ratio 

1 ±0.25% 

2 ±0.50% 

3 ±1.00% 

4 ±1.50% 

5 ±2.00% 

6 ±3.00% 

Each drift level is repeated to capture stiffness degradation 

and hysteretic behavior. 

 

Figure 9: Cyclic Loading Protocol  

16. Model Validation 

To ensure reliability, the numerical model is compared with 

previously published experimental results from the 

literature. 

Validation criteria include: 

• Initial stiffness. 

• Peak load. 

• Yield displacement. 

• Ultimate displacement. 

• Crack pattern. 

• Failure mode. 

An acceptable difference of less than 10% between 

numerical and experimental responses is generally 

considered satisfactory for nonlinear concrete models. 

17. Modeling Assumptions 

The following assumptions are adopted: 

• Perfect bond between concrete and 

reinforcement. 

• Uniform distribution of steel fibers. 

• Material homogeneity at the macro scale. 

• Quasi-static cyclic loading. 

• No temperature effects. 
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• No corrosion or long-term deterioration. 

• Geometric nonlinearity included. 

• Dynamic inertia effects neglected. 

These assumptions are commonly adopted in finite element 

studies of reinforced concrete structures. 

18. Results and Discussion (Illustrative Numerical 

Investigation) 

Since experimental data were unavailable for this study, the 

structural response discussed in this section represents the 

expected behavior of UHPC link beams based on 

established finite element principles and published 

research trends. The discussion is intended to demonstrate 

how different steel fiber volume fractions are expected to 

influence seismic performance under cyclic loading. 

The response of four numerical models is discussed 

qualitatively: 

Model Steel Fiber Content 

Model A 0% 

Model B 1.0% 

Model C 1.5% 

Model D 2.0% 

18.1 Initial Elastic Response 

At low drift levels (up to approximately 0.25%), all four 

models exhibit nearly linear elastic behavior. During this 

stage, stresses remain below the tensile capacity of the 

UHPC matrix, and no significant cracking is expected. 

The load is transferred efficiently through the beam section, 

resulting in a uniform stress distribution. Because the fibers 

are not yet mobilized, the structural response of all models is 

nearly identical in the elastic range. 

 

Figure 10: Illustrative Stress Distribution at Initial 

Loading 

 

 

18.2 Crack Initiation 

As displacement increases, tensile stresses near the beam 

ends exceed the tensile strength of the concrete matrix. 

Initial diagonal microcracks are expected to develop close to 

the beam-wall interfaces. 

In the model without steel fibers, these cracks propagate 

rapidly across the beam depth. In contrast, fiber-reinforced 

UHPC models exhibit delayed crack propagation because 

the fibers bridge the crack faces and transfer tensile stresses 

after matrix cracking. 

Consequently: 

• Crack width decreases. 

• Crack spacing increases. 

• Localized damage is reduced. 

• Structural stiffness is maintained for a 

longer duration. 

 

Figure 11: Representative Tensile Damage Pattern 

18.3 Stress Concentration 

As cyclic displacement increases, stress concentration 

becomes more pronounced near the beam ends. 

Expected observations include: 

Model A (0% Fiber) 

• High stress concentration. 

• Rapid crack growth. 

• Local concrete crushing. 

Model B (1%) 

• Reduced stress concentration. 

• Smaller damaged region. 

Model C (1.5%) 

• More uniform stress field. 
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• Improved load redistribution. 

Model D (2%) 

• Lowest stress concentration. 

• Distributed internal stresses. 

• Stable structural behavior. 

 

Figure 12: Representative Von Mises Stress Contours 

18.4 Plastic Strain Development 

Plastic strain develops primarily near the beam-wall 

interface where shear demand is greatest. 

Expected behavior: 

Model A develops localized plastic deformation shortly 

after cracking. 

Model B delays plastic strain accumulation. 

Model C shows distributed yielding. 

Model D exhibits the most stable plastic deformation 

pattern, preventing sudden failure. 

 

Figure 13: Representative Plastic Strain Contours 

18.5 Load–Displacement Behaviour 

The load–displacement response is one of the most 

important indicators of seismic performance. 

The expected response consists of: 

1. Elastic region. 

2. Yielding. 

3. Post-yield hardening. 

4. Peak load. 

5. Softening. 

Models containing higher fiber contents are expected to 

sustain larger displacements before significant strength 

degradation occurs. 

 

Figure 14: Illustrative Load–Displacement Curves 
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Discussion 

Model D demonstrates: 

• Higher peak load. 

• Greater displacement capacity. 

• Improved ductility. 

• Gradual post-peak softening. 

18.6 Hysteretic Behaviour 

During cyclic loading, the enclosed area within the 

hysteresis loop represents the energy dissipated during each 

loading cycle. 

Expected observations: 

Model A 

• Narrow loops. 

• Rapid pinching. 

• Significant stiffness loss. 

Model B 

• Moderate loop width. 

• Reduced pinching. 

Model C 

• Stable loops. 

• Improved energy dissipation. 

Model D 

• Wide hysteresis loops. 

• Excellent cyclic stability. 

• Highest seismic resistance. 

 

Figure 15: Illustrative Hysteresis Loops 

18.7 Stiffness Degradation 

Repeated cyclic loading causes progressive stiffness 

reduction. 

Steel fibers delay crack propagation, resulting in slower 

degradation. 

Expected ranking: 

Model D > Model C > Model B > Model A 

Where ">" indicates better stiffness retention. 

 

Figure 16: Expected Stiffness Degradation Curve 

18.8 Energy Dissipation 

Energy dissipation reflects the ability of a structure to absorb 

earthquake energy without collapse. 

Distributed steel fibers increase: 

• Crack bridging. 

• Plastic deformation capacity. 

• Hysteretic loop area. 

Consequently, higher fiber contents are expected to dissipate 

more seismic energy. 
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Figure 17: Illustrative Energy Dissipation Comparison 

18.9 Expected Failure Modes 

Model A 

• Wide diagonal crack. 

• Concrete crushing. 

• Brittle shear failure. 

Model B 

• Smaller cracks. 

• Moderate crushing. 

• Delayed failure. 

Model C 

• Fine distributed cracks. 

• Stable damage progression. 

Model D 

• Multiple micro cracks. 

• Fiber bridging. 

• Ductile failure. 

Table 18.1 Qualitative Comparison of Expected 

Structural Performance 

Parameter 0% 

Fiber 

1% 

Fiber 

1.5% 

Fiber 

2% Fiber 

Crack 

Resistance 

Low Moderate High Very 

High 

Ductility Low Moderate High Excellent 

Energy 

Dissipation 

Low Moderate High Excellent 

Stiffness 

Retention 

Low Moderate High Very 

High 

Seismic 

Performance 

Fair Good Very 

Good 

Excellent 

19. Comparison of UHPC Link Beams with Conventional 

RC Link Beams 

The numerical investigation and the trends reported in 

previous research indicate that UHPC link beams reinforced 

with distributed steel fibers provide several advantages over 

conventional reinforced concrete (RC) link beams under 

seismic loading. These advantages arise from the superior 

mechanical properties of UHPC, including high compressive 

strength, enhanced tensile resistance, and effective crack-

bridging by steel fibers. 

19.1 Crack Resistance 

Conventional RC link beams typically develop wide 

diagonal cracks under cyclic shear loading. Once these 

cracks form, stiffness decreases rapidly, and the 

reinforcement carries a larger proportion of the load. In 

contrast, UHPC with steel fibers delays crack initiation and 

limits crack widths by distributing tensile stresses across 

numerous fine microcracks. This results in improved 

durability and greater structural integrity during repeated 

loading. 

19.2 Ductility 

Ductility is a critical requirement for earthquake-resistant 

structures. Steel fibers increase the deformation capacity of 

UHPC link beams by allowing the member to sustain larger 

displacements after cracking without sudden loss of load-

carrying capacity. This behavior contributes to a more stable 

seismic response and reduces the likelihood of brittle failure. 

19.3 Energy Dissipation 

Under cyclic loading, the ability to dissipate energy 

determines how effectively a structure can withstand 

earthquake forces. Fiber-reinforced UHPC is expected to 

exhibit wider and more stable hysteresis loops than 

conventional RC, indicating improved energy absorption 

and slower stiffness degradation. 

19.4 Durability 

UHPC has an extremely dense microstructure with very low 

permeability. Compared with ordinary concrete, it offers 
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greater resistance to water ingress, chloride penetration, 

freeze–thaw damage, and chemical attack. This improved 

durability can reduce maintenance requirements and extend 

the service life of structures in aggressive environments. 

Table 19.1 Comparative Performance 

Performance 

Parameter 

Conventional 

RC Link Beam 

UHPC Link 

Beam with 

Steel Fibers 

Compressive 

Strength 

Moderate Very High 

Tensile Strength Low High 

Crack Width Wide Fine and 

Controlled 

Ductility Moderate High 

Stiffness 

Retention 

Lower Higher 

Energy 

Dissipation 

Moderate High 

Durability Moderate Excellent 

Expected 

Seismic 

Performance 

Good Excellent 

20. Practical Engineering Applications 

The enhanced seismic performance of UHPC link beams 

makes them suitable for structures where strength, 

durability, and resilience are essential. Potential applications 

include: 

• High-rise buildings with coupled shear 

wall systems. 

• Hospitals and emergency response 

facilities. 

• Nuclear power plants. 

• Long-span bridges and bridge piers. 

• Metro stations and underground structures. 

• Industrial plants located in seismic 

regions. 

• Coastal infrastructure exposed to 

aggressive environmental conditions. 

• Government and disaster management 

buildings that must remain operational after 

earthquakes. 

The use of UHPC may also reduce member sizes due to its 

high strength, potentially increasing usable floor area in 

buildings. 

21. Advantages and Limitations 

Advantages 

• Very high compressive and tensile 

strength. 

• Improved crack control due to distributed 

steel fibers. 

• Enhanced ductility under cyclic loading. 

• Greater energy dissipation capacity. 

• Reduced reinforcement congestion 

compared with heavily reinforced RC link beams. 

• Excellent durability and corrosion 

resistance. 

• Potential reduction in long-term 

maintenance costs. 

Limitations 

• Higher initial material cost than 

conventional concrete. 

• Requires strict quality control during 

mixing and placement. 

• Specialized curing procedures may be 

needed. 

• Availability of UHPC constituents may be 

limited in some regions. 

• Structural design provisions for UHPC 

continue to evolve in many design codes. 

22. Conclusions 

Based on the analytical framework and the qualitative 

interpretation of expected structural behavior supported by 

published research, the following conclusions are drawn: 

1. UHPC link beams are expected to provide 

superior seismic performance compared with 

conventional reinforced concrete link beams 

because of their higher strength, ductility, and crack 

resistance. 

2. Distributed steel fibers improve post-

cracking behavior by bridging cracks, delaying 

crack propagation, and increasing the residual load-

carrying capacity of the beam. 

3. Increasing steel fiber content is expected 

to enhance stiffness retention and energy 

dissipation under cyclic loading, contributing to 

improved structural resilience. 

4. The Concrete Damage Plasticity (CDP) 

model implemented in ABAQUS provides an 

appropriate framework for future nonlinear 

simulation of UHPC link beams when experimental 

data become available for calibration and 

validation. 

5. The use of UHPC in link beams has the 

potential to reduce earthquake-induced damage and 

improve the performance of coupled shear wall 

systems in critical infrastructure. 

6. Although the present paper discusses 

expected numerical behavior rather than validated 

simulation results, the methodology provides a 

foundation for future experimental and 

computational investigations. 

23. Future Scope 

Future research can expand on this work by: 

• Performing full-scale laboratory cyclic 

loading tests on UHPC link beams. 
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• Calibrating ABAQUS material models 

using experimental data. 

• Investigating hybrid fiber systems (steel, 

basalt, and polypropylene fibers). 

• Studying different reinforcement layouts 

and detailing. 

• Evaluating the influence of beam span-to-

depth ratio on seismic performance. 

• Conducting fragility and performance-

based seismic assessments. 

• Investigating long-term durability under 

aggressive environmental exposure. 

• Exploring machine learning approaches to 

predict the nonlinear response of UHPC structural 

members. 
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