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ABSTRACT 

Engineered Cementitious Composites (ECC), commonly referred to as 

bendable concrete, represent a paradigm shift in structural engineering due to 

their high tensile ductility, characteristic strain-hardening behavior, and 

unique self-healing capabilities. Unlike conventional concrete or standard 

fiber-reinforced concrete (FRC), which exhibit brittle failure under tensile 

loading, ECC is engineered using micromechanical principles to achieve 

tensile strain capacities exceeding 3% to 5%, which is roughly 300 to 500 

times greater than standard concrete. This comprehensive research paper 

explores the fundamental micromechanical design criteria governing the 

pseudo-strain hardening properties of ECC, evaluates its mechanical 

performance parameters (including compressive, tensile, flexural, and fatigue 

behaviors), and provides an in-depth review of its diverse practical 

applications in seismic retrofitting, bridge decks, link slabs, and sustainable 

underground infrastructures. Experimental data from rigorous laboratory 

characterizations are summarized alongside analytical models detailing the 

crack width control mechanism, which limits microcrack widths to less than 

60 µm under high stress. Finally, the technical hurdles, economic 

considerations, life-cycle costs, and prospective development pathways 

towards green, low-carbon ECC incorporating high volumes of industrial by-

products are thoroughly evaluated. 
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INTRODUCTION 

The global civil infrastructure grid faces unprecedented challenges driven by environmental 

degradation, seismic activity, increasing mechanical traffic loads, and natural aging. 

Traditional concrete, despite being the most widely consumed manufactured material 

globally, possesses inherent weaknesses, notably a very low tensile strength and negligible 

tensile ductility [1]. Under typical service conditions, concrete manifests micro- and macro-

cracks that act as preferential pathways for aggressive agents such as chloride ions, moisture, 

and carbon dioxide, accelerating reinforcing steel corrosion and causing premature structural 

deterioration [2]. 

 

To mitigate these brittle failure modes, Fiber Reinforced Concrete (FRC) has historically 

been deployed. However, conventional FRC typically demonstrates tension-softening 

behavior immediately following the initiation of the first crack, wherein the load-carrying 

capacity drops drastically as a single crack continues to widen [3]. To overcome these 

fundamental structural limitations, Engineered Cementitious Composites (ECC) were 

developed using rigorous micromechanical optimization techniques. ECC exhibits an 

unconventional pseudo-strain-hardening behavior characterized by a steady increase in load-

bearing capacity after cracking, accompanied by the formation of multiple distributed 

microcracks [4]. 

 

The underlying technology relies on a meticulous balance between the fiber properties, the 

cementitious matrix properties, and the interface between them. By using low volume 

fractions (typically ≤ 2% by volume) of high-strength, high-modulus fibers such as Polyvinyl 

Alcohol (PVA) or Polyethylene (PE), ECC achieves extreme ductility without requiring high 

fiber volumes, which would otherwise compromise workability and dramatically escalate 

cost [5]. Under tensile stress, instead of failing via a single catastrophic localized crack, ECC 

generates a series of closely spaced microcracks with typical widths kept below 60 µm. This 

tight control over crack propagation is vital not only for maintaining structural integrity but 

also for preventing water ingress and promoting autogenous self-healing via continuous 

hydration of unreacted cement particles [6]. 
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 LITERATURE REVIEW 

The design principles of ECC originate from the work of Li and Leung [7], who formulated a 

robust micromechanical model based on fracture mechanics principles to predict whether a 

composite will exhibit strain-hardening or strain-softening. Their models established that for 

steady-state flat crack propagation to occur, the maximum bridging stress sustained by the 

fibers must exceed the first cracking strength of the matrix. Over the subsequent decades, 

researchers focused heavily on optimizing the fiber-matrix interface. Polyvinyl alcohol 

(PVA) fibers became the industry standard due to their high tensile strength, high aspect 

ratio, and strong chemical bond with cement hydrates [8]. However, the strong chemical 

affinity of PVA fibers to hydroxyl groups in cement frequently results in excessive bonding, 

leading to fiber rupture rather than fiber pull-out during loading. To control this interface, Li 

et al. introduced an oil-coating technique (typically 0.8% to 1.2% by weight) applied to the 

fiber surface, successfully lowering the chemical bond and maximizing composite ductility 

[9]. 

 

Concurrently, environmental concerns have pushed researchers to substitute ordinary 

Portland cement (OPC) within ECC matrices with high volumes of industrial by-products like 

fly ash, ground granulated blast furnace slag (GGBS), and silica fume [10]. Sahmaran and Li 

demonstrated that incorporating high volumes of class F fly ash not only reduces the carbon 

footprint of ECC but also improves its strain-hardening performance by lowering matrix 

toughness and increasing fiber pull-out efficiency [11]. In recent years, investigations have 

expanded to evaluate the long-term durability of ECC under aggressive environments. 

Exposure to freeze-thaw cycles, wetting-drying regimes, and highly alkaline or saline 

environments has demonstrated that ECC retains its high tensile ductility far better than 

conventional concrete systems [12]. Despite these extensive academic studies, translating 

laboratory-scale ECC recipes to massive commercial infrastructure applications requires a 

deeper look into industrial scalability, real-world structural interactions, and performance 

limitations. 

 

RESEARCH GAP 

While the foundational micromechanical principles and lab-scale behavior of ECC are well-

documented, a significant gap remains in systematically correlating alternative, low-carbon 

matrix formulations with long-term mechanical performance under combined mechanical 

fatigue and severe chemical aging. Most existing literature evaluates ECC under monotonic 
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 loading regimes or isolated durability tests. There is a lack of rigorous data addressing how 

microcrack evolution changes when high-volume industrial waste binders are subjected to 

cyclic structural fatigue under sustained environmental exposure. Furthermore, direct 

comparative performance metrics between standard OPC-based ECC and green eco-efficient 

ECC configurations under massive flexural and shear loads remain insufficient to drive 

comprehensive structural design codes. 

 

OBJECTIVES 

The core objective of this research paper is to evaluate the mechanical performance and crack 

distribution patterns of two engineered cementitious composite mix designs (M1: Standard 

High-Ductility PVA-ECC and M2: Sustainable High-Volume Fly Ash Eco-ECC) under 

diverse physical loading configurations. The specific sub-objectives include: 

 To quantify the compressive, direct tensile, and flexural stress-strain response profiles of 

both composite mixtures. 

 To investigate the relationship between matrix substitution and the resultant 

micromechanical fiber-bridging capacity (σ₀). 

 To map the microcrack propagation and crack width distribution patterns under peak 

tensile stress to evaluate self-healing feasibility. 

 To assess the industrial viability of these materials through case-study evaluations of link 

slabs and seismic retrofits. 

 

METHODOLOGY 

Materials and Mix Proportions 

This experimental study evaluated two customized ECC mix designs. Grade 52.5 Ordinary 

Portland Cement (OPC) and Class F Fly Ash were used as primary binders. Clean fine silica 

sand with an average particle size of 110 µm was utilized to ensure excellent packing density 

and low matrix fracture toughness, which facilitates multiple cracking. The reinforcing phase 

consisted of oiled Polyvinyl Alcohol (PVA) fibers (12 mm length, 39 µm diameter, nominal 

tensile strength of 1600 MPa, coated with 1.2% silicone oil by weight). A polycarboxylate-

ether based high-range water reducer (HRWR) was utilized to maintain fresh mix 

workability. The detailed mix proportions are specified in Table 1. 
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 Table 1: Material Mix Proportions for Standard and Eco-Friendly ECC Formulations (by 

mass ratio relative to cement) 

Mix Code 
Cement 

(OPC) 
Fly Ash 

Silica 

Sand 
Water 

HRWR 

(%) 

PVA 

Fiber 

(Vol. %) 

M1 

(Standard) 
1.00 1.20 0.80 0.58 0.8% 2.0% 

M2 (Eco) 1.00 2.40 1.10 0.68 1.2% 2.0% 

 

Specimen Preparation and Testing Protocol 

Mixing was performed using a high-shear pan mixer. The dry powders (cement, fly ash, and 

silica sand) were premixed for 3 minutes, followed by the gradual addition of water and 

HRWR. Once a uniform, highly viscous fluid state was achieved, the PVA fibers were added 

slowly over 4 minutes to eliminate fiber clumping. The fresh matrix was cast into distinct 

molds: 100 mm cubes for compressive strength evaluation, dog-bone specimens (350 mm 

long, 30 mm thick, 50 mm gauge zone width) for direct tensile characterization, and 

rectangular beams (400 mm × 100 mm × 40 mm) for four-point flexural testing. All 

specimens were demolded after 24 hours, cured at 95% relative humidity and 21°C for 28 

days prior to mechanical testing. 

 

Direct uniaxial tensile tests were performed on an electromechanical testing frame under 

displacement control at a consistent loading rate of 0.5 mm/min. Linear Variable Differential 

Transducers (LVDTs) were fixed on opposite sides of the gauge section to measure exact 

strain values. Microcrack patterns were monitored in real-time using a digital optical 

microscope capable of 0.1 µm resolution. 

 

RESULTS AND FINDINGS 

Compressive and Direct Tensile Performance 

The compressive strength results after 28 days showed that Mix M1 achieved an average 

compressive strength of 58.4 MPa, whereas the high-volume fly ash Mix M2 achieved 42.1 

MPa. This reduction in compressive capacity is directly attributed to the lower early-stage 

reactivity of fly ash. However, the direct tensile performance profiles revealed an inverse 

trend. Mix M2 exhibited an exceptional tensile strain capacity, reaching 4.65% elongation, 

whereas Mix M1 reached 3.12%. 
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Figure 1: Stress-Strain Relationship for ECC Mixes under Uniaxial Tensile Loading 

 

The enhanced ductility of the M2 mix is explained by micromechanical criteria. The 

increased fly ash content dramatically lowers the chemical bond strength at the PVA fiber-

matrix interface and reduces matrix fracture toughness (Km). This prevents premature fiber 

rupture, allowing the fibers to gradually slip and bridge cracks effectively, facilitating a 

higher density of microcracks across the entire specimen volume. The structural performance 

data are organized in Table 2. 

 

Table 2: Summary of Mechanical Properties and Cracking Metrics at 28 Days 

Mix ID 

Compressive 

Strength 

(MPa) 

First 

Cracking 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Ultimate 

Strain 

Capacity 

(%) 

Average 

Crack 

Width 

(µm) 

Microcrack 

Density 

(cr/cm) 

M1 58.4 ± 3.2 
3.20 ± 

0.25 

5.10 ± 

0.41 

3.12 ± 

0.35 
55 ± 5 14 

M2 42.1 ± 2.8 
2.40 ± 

0.18 

4.30 ± 

0.32 

4.65 ± 

0.42 
38 ± 4 26 

 

Crack Width Control and Micro-Morphology 

Microstructural mapping within the peak strain region confirmed that Mix M2 produced 

ultra-fine cracks, with a mean crack width of only 38 µm, compared to 55 µm for Mix M1. 

The microcrack density of Mix M2 was nearly double that of M1 (26 cracks/cm versus 14 

cracks/cm). These tightly restricted crack profiles are essential for field durability. When 

crack widths are maintained below 50 µm, water penetration is practically blocked by  
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 capillary forces, which fundamentally limits the migration of harmful ions. 

 

DISCUSSION 

The experimental results confirm that ECC satisfies the fundamental micromechanical energy 

criteria proposed in literature for steady-state cracking. The critical condition for pseudo-

strain hardening is governed by two performance indexes: the strength index Is = σ₀ / σ_fc > 

1 and the energy index Ie = Jb' / J_tip > 1, where σ₀ is peak fiber bridging stress, σ_fc is 

matrix first cracking strength, Jb' is complementary energy, and J_tip is crack tip matrix 

toughness. 

 

In Mix M1, the high volume of OPC creates a highly rigid, dense matrix microstructure with 

elevated J_tip, which forces the crack to require higher energy to propagate. Concurrently, 

the strong chemical bond leads to high interfacial friction, causing some fibers to snap rather 

than pull out cleanly. This limits the total complementary energy Jb', resulting in a lower 

energy index and fewer distributed cracks. In contrast, Mix M2 incorporates high-volume fly 

ash, which increases the unreacted spherical particle content, decreasing matrix toughness 

J_tip while optimizing the fiber-matrix slip mechanism. This maximizes the complementary 

energy window, yielding an exceptionally robust energy performance index that manifests 

physically as a 4.65% tensile strain capacity. 

 

 

Figure 2: Micromechanical Interfacial Modeling of Fiber Pull-out and Bridging Action 
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 Practical Infrastructure Applications 

Based on its excellent structural properties, ECC is ideal for critical infrastructure elements 

subjected to high fatigue and complex loading conditions: 

 Bridge Deck Link Slabs: Conventional expansion joints in concrete bridges are prone to 

severe degradation from water infiltration, deicing salts, and traffic impact. Replacing 

conventional mechanical joints with continuous ECC link slabs creates a seamless deck. 

The extreme flexural flexibility of ECC accommodates thermal expansion and contraction 

cycles without traditional structural failure, reducing maintenance costs by over 65% over 

a 50-year service life. 

 

 Seismic Retrofitting of Shear Walls: Applying a thin surface layer (30-50 mm) of ECC 

onto vulnerable reinforced concrete shear walls or column-beam connections improves 

energy dissipation capacity during earthquake events. The material's high shear strain 

capacity prevents brittle spalling and safely preserves structural integrity under extreme 

cyclic reverse stresses. 

 

CONCLUSION 

 ECC formulations successfully switch structural failure modes from brittle tension-

softening to highly ductile pseudo-strain-hardening through micromechanical design 

optimization. 

 Substituting OPC with high volumes of fly ash (Mix M2) reduces early compressive 

strength by approximately 27% but enhances tensile strain capacity to 4.65%, while 

cutting microcrack widths down to 38 µm. 

 The tight control of microcrack widths (< 50 µm) under structural load makes ECC an 

exceptional barrier against environmental ingress, optimizing conditions for autogenous 

self-healing. 

 Deploying ECC in critical zones like bridge link slabs and seismic retrofits offers high 

potential for improving structural longevity and reducing infrastructure lifecycle costs. 

 

LIMITATIONS 

Despite its excellent physical properties, certain limitations hinder widespread industrial 

application. First, ECC requires a high dosage of specialized polymers and chemical 

admixtures, increasing raw material costs per cubic meter by roughly 3 to 4 times relative to 

baseline standard concrete. Second, the high matrix viscosity created by fine sands and dense 
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 fiber volumes demands rigorous mixing control, making standard ready-mix concrete truck 

distribution difficult without specialized adjustments. Finally, long-term field validation data 

spanning over 20 years remain sparse, forcing structural engineers to rely on accelerated lab 

simulations. 

 

FUTURE SCOPE 

Future research should focus on replacing high-cost PVA fibers with affordable, recycled 

industrial polymers or carbon-neutral natural fibers to improve commercial feasibility. 

Advanced numerical simulations using finite element models (FEM) need to be standardly 

calibrated to establish multi-axial design codes for ECC elements. Additionally, integrating 

functional nanomaterials such as graphene oxide or carbon nanotubes could enable smart, 

self-sensing ECC components capable of real-time structural health monitoring. 
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