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Abstract. To investigate the ECC’s resistance to tensile cracking, an examination 

centered on uniaxial tensile properties of ECC reinforced with PVA fibers was 

undertaken. This analysis encompassed an assessment of damage evolution, the 

profiling of tensile stress-strain responses, and the extraction of salient 

mechanical parameters from test samples. The findings revealed that, given 

constant mixture proportions, a rise in fiber content correspondingly augmented 

the cracking strength. Furthermore, a substantial improvement in the peak tensile 

strain of ECC was observed with escalating fiber dosages. Notably, in 

comparable fiber dosage scenarios, ECC formulations utilizing ordinary cement 

demonstrated a superior maximum tensile strain performance compared to those 

based on composite cements. 
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1 Preface 

Recently, Engineered Cementitious Composites (ECC), distinguished by their 

remarkable toughness and fiber reinforcement, have garnered significant scholarly 

attention and practical implementation. A pivotal distinction between ECC and 

conventional fiber-reinforced cementitious composites lies in ECC’s formulation, 

meticulously engineered at the micro-mechanical level [1-3]. Professor Victor Li from 

the University of Michigan pioneered this design paradigm, integrating 

micromechanical and fracture mechanics principles to conceive a novel category of 

engineering cementitious composites. This design approach emphasizes the microscale 

optimization of physical and mechanical properties, yielding composites characterized 

by strain-hardening capabilities and a unique multi-crack behavior [4-5]. By 

incorporating approximately 2% volume fraction of fibers, predominantly synthetic, 

ECC achieves enhanced tensile strength, with the potential for fiber dosages exceeding 

3%. Remarkably, these advanced composites can be processed using standard mixing 

and fabrication methodologies typically employed in cement-based materials [4-5]. The 

exceptional attributes of ECC materials have spurred global research endeavors and 

facilitated successful applications in numerous projects, affirming their superior 

durability in comparison to conventional concrete [6-7]. 

© The Author(s) 2025
W. Guo et al. (eds.), Proceedings of the 3rd International Conference on Green Building, Civil Engineering and
Smart City (GBCESC 2024), Advances in Engineering Research 264,
https://doi.org/10.2991/978-94-6463-728-1_11

http://orcid.org/0000-0002-0233-3066
http://orcid.org/0009-0000-2519-8875
http://orcid.org/0009-0008-0542-8256
http://orcid.org/0009-0005-2584-4116
http://orcid.org/0009-0002-3897-8294
https://doi.org/10.2991/978-94-6463-728-1_11
http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-728-1_11&domain=pdf


Uniaxial direct tensile test can reflect the tensile crack resistance of ECC more
accurately [8-11]. This study focuses on experimentally investigating key uniaxial
tensile properties of polyvinyl alcohol (PVA) fiber-reinforced ECC composites.
Specifically, it examines the distinctive multiple cracking behavior, comprehensively
analyzes the stress-strain curves, and evaluates the mechanical parameters under
uniaxial tension. By establishing an optimal mixture proportion for ECC, the research
aims to formulate high-toughness fiber-reinforced cementitious materials.
Consequently, it contributes a substantial empirical basis and technological guidance
for the broader implementation and utilization of ECC in engineering practices.

2 Experimental design

2.1 Test materials

PVA fiber properties. Imported PVA fiber with A; Domestic PVA fiber with B, PVA
fiber properties are shown in Table 1.

Table 1. Fiber properties

Number Origin Length
/mm

Diameter
/μm

Density
/(g/cm3)

Ultimate
Elongation
Rate/%

Modulus of
Elasticity
/GPa

Tensile
Strength
/MPa

A Japan 12 39 1.3 6 42.8 1620
B China 12 21 1.3 7 35 1860

Physical properties of cement. Physical properties of cement are shown in Table 2.

Table 2. Physical properties of cement

Cement varieties Compressive strength/MPa Flexural strength/MPa

42.5 sulfated aluminum cement

1d 3d 28d 1d 3d 28d
44.8 59.6 70.4 7.2 7.4 8.7
Condensation: 26 minutes; Congeal: 38 minutes
Densities: 2.88g/cm³
Specific surface area: 4860cm²/g

P.O42.5 ordinary silicate cement

1d 3d 28d 1d 3d 28d
- 27.2 54.0 - 5.8 8.0

Condensation: 2 hours and 44 minutes;
Congeal: 3 hours and 48 minutes
Densities: 3.02g/cm³
Specific surface area: 4228cm²/g

2.2 Test mix proportion

Table 3 presents the compositional ratios of the materials utilized. The cement
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components consist of 42.5-grade sulfated aluminate cement as the specialized variety
and P.O42.5 general-purpose silicate cement for the standard type. Quartz sand of
100-200 mesh size is specified. Class F fly ash with low calcium content is employed.
Silica fume with a high specific surface area of 20,000 square meters per kilogram is
incorporated. For retarding effects, calcium gluconate is the chosen additive.

Table 3.Material mix ratio

Unit: kg/m3

Num. Special
cement

Ordinary
cement Sand Fly ash Silica

fume
Water fiber

Water
Reducing
Agent

Expansion
agent Retarder

ECC1 311 623 331 313 78 424 26-A 10.6 133 0.66
ECC2 311 623 331 313 78 424 26-B 10.6 133 0.66
ECC3 311 623 331 313 78 424 19.5-A 10.6 133 0.66
ECC4 0 934 331 313 78 431 26-A 10.6 133 0
ECC5 0 934 331 313 78 431 26-B 10.6 133 0
ECC6 0 934 331 313 78 431 19.5-A 10.6 133 0
ECC7 0 934 331 313 78 431 19.5-B 10.6 133 0

2.3 Test method

Uniaxial direct tensile test adopts 20mm×40mm×160mm rectangular test piece. Each
kind of fiber mixing ratio to complete the tensile test of three specimens.
The uniaxial tensile test was carried out using MTS810 material testing machine.

The installation diagram of the testing machine and specimens is shown in Fig. 1(a)
[1,5]. Loading was performed in displacement control mode at a rate of 0.0025 mm/s.
Tensile strain and axial force were collected by computer. Strain was determined
using an extensometer with a scale distance of 50 mm, which was placed on the front
and rear surfaces of the specimen, and the installation of the extensometer is shown in
Fig. 1(b). The frequency of all data acquisition was 2 times/s. The specimen was
clamped in tension during the test, and in order to prevent the upper and lower
pressurized ends of the specimen from being damaged due to localized pressure, an
aluminum plate of 50 mm long, 40 mm wide and 1.0 mm thick was glued to both
sides of the specimen prior to loading, and the specimen was glued for 6 h before
tensile testing was carried out.

(a) (b)

Fig.1. Schematic diagram of test piece installation
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3 Test results and analysis

3.1 Multiple crack opening diagram for ECC

The experimentally measured ECC multiple crack opening is shown in Fig. 2.

Fig.2.Multiple crack cracking diagram of ECC

As shown in Fig. 2, the cracking of ECC is not single-crack cracking. After matrix
cracking, the specimen did not rapidly lose its load-bearing capacity, and the
microscopic cracks encrypted with the increase of load, thus realizing the multiple
crack cracking performance.
3.2 Characterization of ECC stress-strain curves

The typical tensile stress-strain full curve of ECC is shown in Fig. 3, σ and ε are the
tensile stress and strain, respectively.
After reaching the tensile strength, the stress-strain curve of ordinary concrete and

fiber concrete decreases sharply, and the members lose the load-bearing capacity
rapidly, which is basically a single-crack damage; As shown in Fig. 3, the maximum
tensile strains of both composite cement series and ordinary cement series ECC are
much higher than the peak strain of the matrix.

(a)Composite cement series
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(b)Ordinary cement series

Fig. 3. Stress-strain curves of ECC

After cracking of the ECC, the stress continues to increase with the increase of strain,
which is due to the fact that the molecular molecules of PVA fibers near the crack
have many hydroxyl groups in their chains, and the chemical bonding effect between
the fibers and the surrounding cementitious materials is very strong. chain has a lot of
hydroxyl groups, and the surrounding cementitious materials between the chemical
bonding is very strong, the fiber before exceeding its ultimate tensile strength to
produce bridging stress, this bridging effect will prevent the expansion and merging
of the cracks, microcracks encrypted with the increase in load, the fiber to the
microcracks of the bridging caused by strain hardening, the fiber and the substrate
continue to produce a small amount of slippage, which can absorb a lot of energy,
rather than relying solely on the fiber and the substrate, the fiber and the substrate are
not the same as the peak strain, the fiber and the substrate can absorb a lot of energy.
Instead of relying entirely on the interfacial bonding between the fibers and the matrix
to improve the ductility of the composite, ECC achieves strain hardening and multiple
crack opening. After the appearance of the first visible crack, the descending section
of ECC2 is relatively slower than that of ECC1 and ECC3, and the descending section
of ECC5 is relatively slower than that of ECC4, ECC6, and ECC7, which indicates
that the crack-resistant and toughening effect of ECC2 and ECC5 is better than that of
other ratios in the same series.
3.3 Uniaxial tensile mechanical index

The average values of the tensile mechanical indexes obtained from the uniaxial
tensile stress-strain full curve of ECC are listed in Table 4, where is the cracking
strength (strength at the appearance of the first visible crack), is the tensile strength, is
the maximum tensile strain measured at the end of the test, and is the modulus of
elasticity.

Table 4. Uniaxial tensile mechanical index of ECC

Number crf /MPa tf /MPa u /με tE /GPa

ECC1 2.45 4.45 8350 21 .39
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ECC2 1.72 2.26 24379 20 .90
ECC3 2.01 4.05 4195 19 .42
ECC4 1.86 3.90 10444 19 .76
ECC5 1.75 2.68 18908 20 .29
ECC6 1.69 4.02 11196 19 .15
ECC7 1.44 2.86 6950 18 .99

Table 4 reveals a series of comparisons in ECC performance. ECC1 exhibits a 22%
greater cracking strength than ECC3, while ECC4 outperforms ECC6 by 10%, and
ECC5 surpasses ECC7 by another 22%. These disparities suggest that an increase in
fiber content under consistent mixture proportions correlates with enhanced cracking
strength. Further, ECC1 demonstrates a 42% superiority in cracking strength over
ECC2, ECC4 edges past ECC5 by 6%, and ECC6 leads ECC7 by 17%, implying that
ECC formulations utilizing imported PVA fibers exhibit superior cracking resistance
compared to those with domestically sourced fibers, highlighting the significance of
fiber origin on ECC’s cracking strength properties.
Regarding tensile strength, ECC1 registers a 10% advantage over ECC3, whereas

ECC4 lags slightly behind ECC6 by 3%, and ECC5 falls 6% short of ECC7,
indicating minimal impact of fiber dosage on overall tensile strength under equal
mixture conditions. Conversely, ECC1 witnesses a staggering 97% increase in tensile
strength over ECC2, ECC4 sees a 46% boost over ECC5, and ECC6 eclipses ECC7
by 41%, all under uniform proportioning. This substantial discrepancy underscores
that ECC formulations reinforced with imported PVA fibers experience a substantial
(over 40%) upsurge in tensile strength relative to those containing domestic PVA
fibers, emphasizing the critical role of fiber type in determining ECC’s tensile
strength capabilities.
Notably, ECC2 boasts a 192% greater maximum tensile strain compared to ECC1,

and ECC5 records an 81% increase over ECC4, suggesting that domestically
manufactured PVA fibers, when incorporated into ECC under equivalent mixture
conditions, yield significantly higher maximum tensile strains than their imported
counterparts. Additionally, ECC6 exhibits a 167% enhancement in maximum tensile
strain over ECC3, with ECC7 showing a 66% increase, evidencing that under equal
fiber dosages, ECC formulations based on ordinary cement surpass those made with
composite cement in terms of maximum tensile strain performance. Furthermore,
ECC1’s maximum tensile strain is 99% higher than ECC3’s, and ECC5 surpasses
ECC7 by 174%, illustrating the substantial escalation in maximum tensile strain as
PVA fiber content increases, emphasizing the profound influence of fiber dosage on
this parameter. ECC composites demonstrate a remarkable increase in maximum
tensile strain, ranging from 20 to 50 times, and in some cases, even reaching 100
times that of polypropylene fiber concrete, typically limited to about 170 microstrain.
This highlights the ECC’s extraordinary deformation capability, attributed to its high
toughness and extensive deformation potential.
The inclusion of PVA fibers dramatically amplifies the deformability of

cementitious composites, concurrently reducing crack widths significantly. This
attests to the fibers’ efficacy in resisting and mitigating cracks, fostering a toughened,
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multi-cracked structure that bolsters the crack resistance and deformation capacity of
the cementitious matrix. In essence, PVA fibers play a pivotal role in augmenting the
composite’s ability to withstand and adapt to tensile stresses without catastrophic
failure, underscoring their value in enhancing ECC materials’ toughness and
durability.

4 Crack-resistant mechanism of fibers

PVA fibers notably enhance ECC materials’ crack resistance and deformation
capabilities, fostering a strain-hardening, multi-crack expansion mechanism under
uniaxial tension. Their integral roles within ECC composites encompass three primary
functions:
4.1 Crack Arrestment

Fiber reinforcement offers a dual-phase crack inhibition mechanism, effective in both
the unset plastic and hardened stages of the cementitious matrix. Immediately
following casting, the matrix’s low initial tensile strength renders it vulnerable to
extensive cracking due to rapid water loss under restraint. Uniform fiber dispersion
absorbs tension from plastic shrinkage, thereby curbing crack initiation and
propagation. Similarly, in the hardened phase under constraint, environmental factors
like fluctuating temperatures, humidity changes, and drying shrinkage can impose
tensile loads beyond the matrix’s tolerance, leading to extensive cracking. Fibers
embedded within the matrix function as a barrier, countering these forces and
minimizing crack formation. This comprehensive crack-blocking action of fibers
significantly bolsters the matrix’s resilience against cracking in both early and later
stages of its lifecycle.
4.2 Strengthening:

Recognizing the inherently low tensile strength of cementitious matrices,
compounded by inherent defects, the integration of fibers serves to reinforce and
ensure adequate tensile resistance.
4.3 Toughening Mechanism

When loaded, even if cracks emerge in the matrix, fibers bridge these fractures,
continuing to bear tension. This enables the composite to exhibit ductility, translating
to an enhanced level of toughness. Thus, the ECC material, fortified by PVA fibers,
acquires the resilience to endure loading without catastrophic failure, demonstrating a
heightened capacity for deformation before breaking.

Conclusion

Based on the examination of ECC’s direct tension testing and self-healing capabilities,
several insights emerged:
(1) Fiber Origin Impact on Cracking Strength: ECC formulations using imported

PVA fibers demonstrated elevated cracking resistance over those with domestically
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sourced PVA fibers, under equivalent mixing conditions. This highlights the
significance of fiber type in dictating ECC’s initial resistance to cracking.
(2) Enhanced Tensile Strength from Fiber Source: A remarkable increase,

exceeding 40%, in the tensile strength of ECC was observed when fortified with
imported PVA fibers compared to domestic alternatives, under uniform composition.
This underscores a substantial dependency of ECC’s tensile strength on the specific
fiber type integrated. (3) Cement Type and Fiber Dosage Effects on Elasticity: ECC
formulations based on ordinary cement exhibited superior maximum tensile strain
compared to those made with composite cement, given equal fiber content.
Specifically, ECC1 illustrated a 99% greater strain than ECC3, while ECC5 surpassed
ECC7 by 174%. These findings emphasize the escalating improvement in ECC’s
elasticity with increased PVA fiber content, affirming the critical role of fiber dosage
in determining its tensile extensibility.
(4) ECC’s Distinctive Deformation Capacity: ECC composites displayed a

substantially higher deformation capability vis-à-vis polypropylene fiber-reinforced
concrete, characterized by heightened toughness and extensive deformability. PVA
fibers effectively hinder crack propagation and augment toughness, leading to a
marked enhancement in the crack resistance and deformation potential of
cement-based composites. Consequently, ECC manifests a unique capability for
multi-crack development under uniaxial tension, accompanied by strain hardening
behavior, further emphasizing its advanced damage tolerance attributes.
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