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Abstract 

Engineered cementitious composites (ECC) boast superior tensile strain capacity and crack resistance compared 
to traditional concrete. A key contributor to this enhanced behavior is their high fracture energy, reflecting the mate-
rial’s ability to absorb energy before failure. This review paper comprehensively examines the factors influencing ECC 
fracture energy. It explores the impact of fiber properties (volume, type, aspect ratio), the binding matrix’s charac-
teristics, and the crucial fiber–matrix bond quality. The review dives deeper into established methods for measuring 
ECC fracture energy. It analyzes various test configurations and data analysis techniques used to quantify this vital 
property. Understanding how critical factors such as fiber volume, aspect ratio, and fiber type can improve or reduce 
the fracture process is discussed in this review. To optimize the ECC design, different experimental procedures 
along with their advantages and shortcomings and future testing methods to clearly evaluate the fracture behavior 
of ECC are discussed as well. This allows for achieving targeted fracture energy levels tailored to specific applica-
tions. Additionally, the review identifies promising directions for future research in ECC fracture energy. These include 
multi-scale modeling for enhanced design, exploration of advanced fiber engineering for improved performance, 
and the possibility of incorporating self-healing mechanisms for increased durability. Ultimately, this review aims 
to provide a comprehensive understanding of the factors governing fracture energy in ECC and the methods for its 
evaluation, paving the way for the development of next-generation ECC with superior functioning and broader 
applicability.
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1  Introduction
Engineered cementitious composites (ECC) are advanced 
cement-based materials reinforced with fibers, showcas-
ing superior characteristics such as multiple cracking and 
tensile strain-hardening properties (Kanda, 2006; Li & 
Leung, 1992). Rather than relying on traditional trial-and-
error methods, ECC is developed through micromechan-
ical theory, achieving a tensile strain capacity exceeding 
3% while utilizing a fiber content of no more than 2% (Li 
& Leung, 1992; Li & Wu, 1992; Li et al., 1995; Wu & Li, 
1992). It is cement-based fiber-reinforced materials that 
demonstrate several cracking and tensile strain-harden-
ing features. ECC is developed using micromechanical 
theory, as opposed to the conventional trial-and-error 
technique of material development, which yields a ten-
sile strain capacity of more than 3% while maintaining a 
small percentage of fiber not more than 2%. ECC is a very 
durable material under environmental influences since it 
displays various cracking and strain-hardening behavior 
when subjected to tension, with a fracture width of less 
than 100  μm (Şahmaran, 2007). Table  1 delivers a con-
cise overview of the main physical characteristics of ECC 
under static stress (Yu et al., Mar. 2018).

Earlier studies have been conducted on ECC design 
theory (Kanda et al., 2000; Li & Leung, 1992), mechani-
cal properties (compressive, tensile, shear) and their 
models (Kanda et  al., 2000; Lee et  al., 2010; LIQinghua: 
The size effect of compressive properties of ultra hig... 
- Google Scholar, 2024) (Li et  al., 2011a; Mechtcherine 
& Schulze, 2007), the impact of mineral admixtures, 
fracture behaviour (Li et  al., 2011a; Mechtcherine & 
Schulze, 2007), durability, long-term tensile properties 
(Yang et al., 2009) (Kan et al., 2010), self-healing mecha-
nisms (Kan et al., 2010; Li et al., 1998; Qian et al., 2009; 
Wu et  al., 2012; Yang et  al., 2009), nanoscale structure 
(Sakulich et  al., 2011), crack propagation simulations 
(Huang et  al., 2016a, 2016b), and reinforced member 
applications (Rokugo et al., 2013), has further enhanced 
the adaptability of ECC material. Beyond the US, other 
nations that have successfully made ECC utilizing indig-
enous material ingredients include South Africa (Boshoff, 
2007), China (Ma et  al., 2015; Pan et  al., 2015; Zhang 
et  al., 2014), Europe (Durability of Strain-Hardening 
Fibre-Reinforced Cement-Based Composites (SHCC) 
2011; Mechtcherine & Schulze, 2007), and Japan (Kanda, 
2006). It is noted that several real-world applications 

have already been implemented in the US, China (Zhang 
et al., 2013), and other countries. Over the last 20 years, 
several evaluations have been done on ECC (Durability of 
Strain-Hardening Fibre-Reinforced Cement-Based Com-
posites (SHCC)2011), examining its endurance in differ-
ent settings (Rokugo et al., 2013), examining its structural 
design and performance, and (Wu et al., 2012) examining 
its self-healing capabilities.

Fracture energy(Gf ) , is the quantity of energy absorbed 
to produce a unit area of a fracture, is a crucial statistic 
for describing the capacity of concrete material to dis-
sipate energy. It is well known that incorporating fibers 
into cementitious materials is capable of improving their 
fracture energy. Several factors influence the fracture 
energy of cementitious materials, including the size and 
shape of coarse aggregates, the internal structure of the 
paste matrix, the bonding regions between aggregates 
and paste (ITZs), and the properties of any embedded 
fibers (Bosque et al., 2017; Ding et al., 2018; Wang et al., 
2009; Zegardło et  al., 2016). For quasi-brittle cementi-
tious materials, including normal concrete and most 
fiber-reinforced concrete, that show tension-softening 
behavior, just one fracture appears across the specimen. 
The fracture energy of an FRC material may be estimated 
directly by computing the area contained by the full 
load–displacement curve acquired using different meth-
ods like as four-point bending testing, wedge splitting 
testing, direct tension testing, and so on. Despite being 
much bigger than that of normal concrete (i.e., less than 
0.2 kJ/m2) (Landis, 2002; P. P.-C. & C. research & unde-
fined, 1980; Wittmann et  al., 1990; Yu & Lu, 2014; Yu 
et al., 2012, 2015, 2016), the fracture energy of FRC is less 
than 10 kJ/m2 (Akcay et al., 2012; Banthia 2003a; Barros 
& Cruz 2001), and so on. Closely spaced cracks develop 
in strain-hardening cementitious composites, like ECC, 
when they are exposed to tensile or flexural stresses. A 
typical load–displacement curve can reflect both a pro-
tracted tension-hardening branch and a strong post-peak 
tension-softening behavior.

The fracture energy of ECC plays a critical role in finite 
element method (FEM) modeling and civil engineer-
ing applications. ECCs are engineered to demonstrate 
exceptional mechanical properties, like high ductility 
and improved fracture toughness, which are critical for 
forecasting structural behaviour under different loading 
conditions.

Table 1   Main physical characteristics of ECC (Yu et al., 2018)

fc ′, f t are the compressive and ultimate tensile strength, εtu is the ultimate tensile strain, E and σ are the modulus of elasticity and flexural strength, respectively, and ρ 
is the density

f
′

c(MPa) First cracking strength (MPa) f t(MPa) ε
t
u(%) E(GPa) σ(MPa) ρ(g/ml)

20–150 3–10 4–20 3–12 18–40 10–50 0.95–2.3
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Fracture energy measures the energy needed to pro-
duce a new surface in a material, which becomes very 
meaningful in the context of ECC due to its pseudo 
strain-hardening  property. This attribute enables ECC 
to get fractured multiple times, which can  help in dis-
sipating the energy and improving the force of the 
material (Baloch et  al., 2022; Gupta et  al., 2024). As 
reported by Gupta, ECCs showed a fracture toughness of 
73.68 ± 8.02  MPa.mm2, significantly more than conven-
tional concrete (Gupta et al., 2024).

Because it affects the material’s response to stress and 
its capacity to tolerate dynamic loads, like those encoun-
tered during seismic occurrences, high fracture tough-
ness is essential for FEM modeling (Basha et  al., 2021; 
Yuan et  al., 2017). It has been demonstrated that the 
use of ECC in civil engineering greatly enhances perfor-
mance, especially in seismically active areas. According 
to studies, ECC can increase structural elements’ ability 
to dissipate energy, improving their ductility and mini-
mizing damage during earthquakes (Basha et  al., 2021; 
Xu et  al., 2018). Designing resilient structures requires 
more accurate predictions in FEM simulations, which are 
made possible by ECC’s capacity to regulate crack width 
and distribute stress through a variety of cracking mech-
anisms (Yuan et al., 2017; Zhang et al., 2016).

Additionally, adding PVA fiber to ECC increases its 
overall mechanical performance and fracture energy. 
Studies have revealed that the incorporation of fibers 
improves tensile strength and ductility, which are cru-
cial parameters in modeling structures (Sun, et al., 2018; 
Zhang et  al., 2016). ECC’s fracture characteristics, such 
as its capacity to absorb energy, are essential for making 
sure that structures can sustain unforeseen loads with-
out failing catastrophically (Li & Xu Jun., 2011; Pakravan 
et al., 2016).

To put it briefly, the fracture energy of ECC is a basic 
characteristic that has a big influence on FEM modeling 
and applications in civil engineering. ECC is an excel-
lent option for boosting the resilience and endurance of 
structures, especially in seismic zones, due to its high 
energy dissipation and fracture toughness.

It is notable that understanding of fracture energy of 
ECC had been performed on minimal scale. Therefore, 
it is necessary to further investigate that how fracture 
energy varies under ECC and its components. This bib-
liographic and critical analysis study aims to assess the 
variables influencing ECC’s fracture energy and the tech-
niques employed to determine the ECC’s fracture energy.

2 � Research Methodology
The research approach utilized to carry out this compre-
hensive review is shown in the flowchart in Fig. 1, and it 
comprises the following three main steps:

Step 1: Database and keywords selection.
The two most popular databases, Web of Science (WoS) 

and Scopus, are the foundation for this review study. Fol-
lowing the search databases’ selection, appropriate key-
words need to be identified. The most frequently used 
keywords associated with ECC fracture energy were uti-
lized to get a more extensive collection of bibliometric 
information. "Fracture Energy" or "Fracture Mechanics" 
and "ECC" or "Engineered Cementitious Composites" are 
the search terms that were utilized. After completing this 
step, 42 earlier items were acquired.

Step 2: Articles list selection.
Four steps were performed to reduce the number of 

studies (42 articles) and retain just the relevant ones:

•	 Criteria for inclusion and exclusion: All research 
about fracture energy of ECC has been included. 
On the other hand, those that were published in lan-
guages other than English were disregarded. There 
were 39 articles in total from the numbers of the pre-
vious articles.

•	 Evaluation of publications based on screening titles 
and abstracts: 2 articles were eliminated, leaving 37 
remaining after screening titles and abstracts.

•	 Full-text evaluation: 37 articles were produced after 
eliminating based on the full-text evaluation.

•	 Snowballing search: To locate more papers that Sco-
pus or WoS did not discover, the reverse snowballing 
technique was employed. 21 additional relevant arti-
cles were found using this search approach, increas-
ing the total number of connected studies to 58 
(37 + 21).

Step 3: Scientometric and systematic review.
This review includes the scientometric and systematic 

analysis, conducted using the entire number of relevant 
papers (58). As shown in Fig.  1, the scientometric and 
systematic reviews have both been achieved in the sub-
sequent parts.

3 � Scientometric Analysis
3.1 � Annual Publications Trend
A review of publications published between 2000 and 
2023 indicates a significant increase in research efforts in 
ECC fracture mechanics. Even with its limits (focused on 
the years 2000–2023, with the first publication detected 
in 2005; refer to Fig. 2), the bibliometric data collection 
nonetheless shows a distinct pattern. The increasing vol-
ume of published works, especially from 2009 to 2021 
(Fig. 3), attests to the expanding significance of this field 
of study. This pattern points to the need for a global effort 
to comprehend ECC’s energy dissipation properties and 
fracture behavior.
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Fig. 1  Flowchart methodology for the study
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Fig. 2  A visual representation of frequently appearing top 20 terms across the 58 articles

Fig. 3  Annual trend of the studies conducted on fracture energy of ECC



Page 6 of 20Shams et al. Int J Concr Struct Mater           (2025) 19:66 

4 � Keywords Co‑occurrence Network
Without diving too far into the publications, the key-
words are crucial since they represent the tone and con-
tent of the published pieces. As a result, mapping the 

keywords of pertinent papers within a certain field of 
study might reveal the gaps and approaches that have 
been employed in that field. Using keywords from the 
58 articles, a co-occurrence network visualization was 
made in VOSviewer to examine the connections between 
terms that appeared frequently. Of the 555 keywords, 
20 had the required number of occurrences, or 5. For 
each of the 20 keywords, the overall strength of the co-
occurrence with other terms has been computed using 
the VOSviewer program. Fig.  2 shows the 20 keywords 
for the 58 relevant articles as a co-occurrence network 
visualization. The label’s size and the circle surrounding 
it are determined by the weight of each keyword. The 
latter expands in size in proportion to the weight of the 
keyword. For instance, due to their high frequency of 
occurrence, the fracture energy and ECC keywords have 
the largest label and circle size. Table  2 reports the top 
20 active keywords in the fracture energy research field 
based on total link strength and occurrences.

4.1 � Prominent and Active Countries in This Research Area
The determination of the main nations engaged in the 
ECC study on fracture behavior is to share information 
and work together in the future. Fig.  4 lists the leading 
nations in this field of study. Scopus data from 2000 to 
2023 were used to construct this graph. China, and the 
United Kingdom, for instance, have bigger labels than 
the other nations. However, the 42 publications that were 

Table 2  Top keywords in the field of fracture energy of ECC

No Keywords Occurrences Total links

1 Cementitious composites 5 19

2 Compressive strength 9 57

3 Cracks 11 59

4 Ductile fracture 10 55

5 ECC 8 34

6 ECC 8 36

7 ECC 13 53

8 ECC 18 81

9 Fibers 9 53

10 Fly ash 6 33

11 Fracture 11 54

12 Fracture energy 19 89

13 Fracture toughness 10 51

14 Multiple cracking 7 40

15 pva fiber 5 37

16 Reinforced concrete 8 38

17 Strain hardening 11 57

18 Tensile strain 5 26

19 Tensile strength 9 49

20 Tensile testing 7 39

Fig. 4  Total number of publications by country
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retrieved and examined indicate that these nations con-
tribute the most to this field of study.

5 � Methods to Determine Fracture Energy
The amount of energy required to produce a single crack 
is defined as fracture energy. Equation (1) can be used to 
compute fracture energy:

W represents the amount of work required to create a 
unit crack, A represents the ligament area and represents 
the crack opening.

Wille (Wille & A., 2010a) split the Gf  of ECC into 
strain-hardening energy ( Gf ,H ) energy and strain soften-
ing ( Gf ,S ) energy, as illustrated in Fig. 5. Furthermore, the 
Gf  can be determined using Eqs. (2), (3), (4), (5), (6):

Note: Gf ,H ,n is the total energy required to produce ncr 
cracks with a permanent δpc, δpc is a permanent crack 
opening, εres is the residual strain, δu=Lp /2 is the ultimate 
crack opening, and Lp is the fiber length. Additionally, 

(1)Gf =
W

A
=

∫

F(δ)dδ

A
.

(2)gf ,H =

∫

ε=ε

ε=0

σ c(ε)dε −
1

2

σ
2
pc

Epc
,

(3)Gf ,H = gf ,A ×

Lg

ncr
=

Gf ,H ,n

ncr
,

(4)
δ = δu

Gf ,S =

∫

σ(δ)dδ
δ = δpc

,

(5)δpc = εres × scr =

(

εpc −
σpc

Epc

)

×

Lg

ncr
,

(6)Gf = Gf ,H + Gf ,S .

σpc and εpc represent peak stress and peak strain, Epc is 
the modulus during unloading, Lg is the uniaxial tensile 
test specimen gauge’s length, ncr is the number of cracks 
generated within Lg , scr is the average crack spacing. It is 
assumed that ncr microcracks are uniformly distributed 
and formed within the Lg range when computing Gf ,H ,n . 
Furthermore, the energy of each ligament area dividing 
the major crack from to δu is indicated by Gf ,S . It is evi-
dent from Fig.  5 and Eqs. (2)–(6) that Gf  computation 
requires the presence of Epc.

Japan Concrete Institute (JCI) (Kitsutaka et  al., 2001) 
and RILEM (Partha Uday 2017) have standardized a 
three-point bending test to measure the fracture energy 
of concrete. However, there is no standard method for 
measuring the fracture energy of ECC materials. Differ-
ent authors have adopted different methods to measure 
the fracture energy of ECC materials. Dog bone shape 
samples are considered for the direct tension test of 
fibrous materials researchers (Yu et al., 2020; Zhu et al., 
2023) have also used this method to detect the fracture 
energy of ECC material. Similarly, some authors have 
considered the JCI and RILEM recommended three-
point bending test method on a notched specimen to 
measure the fracture energy of ECC (Gao et  al., 2022, 
2023). Other researchers have also considered wedge-
splitting sample (Gao et  al., 2012), four-point bending 
(Tan et  al., 2022), and single shear test (Shiping et  al., 
2022) methods to observe the fracture behavior of ECCs. 
Table 3 provides the details of the method used to study 
the fracture energy of ECCs. Fig.  2 shows the trends of 
research done on fracture energy of ECC from Scopus 
data set.

5.1 � Effect of Fibers
The performance of ECCs with different polymeric fibers 
was found to be highly influenced by the type and volume 
of fibers, with polyvinyl alcohol (PVA) fibers demonstrat-
ing superior performance in terms of the stress–strain 

Fig. 5  Explanation under tension test. a Gf  per unit area, b Gf  related to failure causing cracks
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and load–displacement behavior relationship (Gao et al., 
2012). Better flexural and tensile strength indicate that 
increasing ECC’s fiber capacity improves tensile behav-
ior. Higher fiber volume fractions typically result in 
improved mechanical characteristics, like increased ten-
sile strength and strain-hardening characteristics. Fiber 
volume has a considerable impact on the tensile behavior 
of designed cement-based composites. Similarly, this sec-
tion discusses the impact of fiber type, fiber volume, and 
fiber aspect ratio on the fracture energy of ECCs. Table 3 
gives the details of the specimen, type of fiber, and factors 
considered for the fracture energy of ECC materials.

5.2 � Effect of Fiber Type
Double-cantilever beam (DCB) experiments were used 
by Tan et al., 2022 to look into the impact of polyethyl-
ene (PE) fiber volume percentage (0.2–4%) on the frac-
ture energy of PE-ECC. The total fracture energy (Gf ) 
was calculated by adding the fracture energy generated 
by crack localization in the post-peak section (Gf ,S) to 
the fracture energy produced by many cracking processes 
in the pre-peak section ( Gf ,H) . On 2% fiber composites, 
the Gf  observed was approximately 26.9 kJ/m2, while the 
fracture energy generated by crack 

(

Gf ,S

)

 localization was 
approximately 12.2 kJ/m2. With 2% PVA fiber, the Gf  of 
ECC with PVA fibers measured by earlier researchers by 
the uniaxial tension test (Shiping et al., 2022; Gao et al., 
2023) ranged from 5.54 to 6.69  kJ/m2. The Gf  of steel 
and polypropylene fiber-reinforced hybrid SHCC ranged 

from 2.2 to 4.5 kJ/m2 (Ding & Tao Yu et al., 2018). UHPC 
may demonstrate extraordinarily high Gf  of not less 
than 30 kJ/m2 by adding a low volume fraction of 2% of 
deformed steel fiber (Shang et al.,2023). According to the 
definition, the fracture energy of SHCC should only con-
tain the energy released by a single crack during strain-
hardening and softening branches (Shang et  al.,2023). 
This ignores the energy dispersed by multiple crack origi-
nation during the process of strain-hardening and is una-
ble to fully reflect the crack resistance capacity of SHCC. 
The fracture values of steel fibers were significant when 
compared with PP fibers. It was also noticed that second-
ary fibers enhanced the fracture energy and crack forma-
tion pattern (Ding & Tao Yu et al., 2018). In addition, the 
Gf  of the combined PVA and glass fibers was lower than 
the fracture energy of the sample containing only 1% of 
PVA fibers. The specimen containing 2% of PVA fibers 
had less Gf  than 1.5% of PVA fibers and more than 1% 
of PVA fibers in the mixture. It was also observed that 
adding more glass fiber did not increase the matrix’s 
toughness. The Gf  of PVA fibers with extra glass fibers 
is only 1/3 of 1% PVA fiber when only 0.96% glass fiber 
is added (Gao et al., 2012). This demonstrates in full the 
benefit of PVA fiber in cementitious composites tough-
ening. The nominal fracture energy ( Gf  ) index can be 
utilized to assess the toughness of strain-softening mate-
rials. PVA fiber can modify the geometry of cracks at the 
precut crack tip in addition to significantly raising the 
nominal Gf  of cementitious composites. Strain-softening 

Table 3  Details on the type of sample, fiber type, and parameters studied for the fracture energy of ECCs

Year Sr. # Method Fiber Parameters Refs.

2023 1 Dog bone shape PE w/c ratio, fiber vol, and fiber aspect ratio Zhu et al., 2023

2023 2 Double-notched and unnotched PVA Notch depth Gao et al., 2023

2022 3 Three-point bending PVA Notch depth Gao et al., 2022

2023 4 Dog bone and notched beam PE w/c ratio Ding & Tao Yu et al., 2018

2020 5 Dog bone shape PE Fiber vol., aspect ratio Yu et al., 2020

2023 6 Wedge splitting sample PE Variable temperature Shang et al., 2023

2023 7 Flexural test Carbon Fibers Virgin carbon fibers and recycled carbon 
fibers

Al Moman et al., 2023

2003 8 Contoured double-cantilever beam Steel and polypropylene Fiber type Banthia 2003a

2023 9 Notch beam PVA Fiber surface Guan et al., 2023

2023 10 Notch beam PVA Immersion time and temperature Gao & Xie, 2022a

2023 11 Notch beam PVA Loading rate Gao et al., 2023; Ruiz et al., 2011

2023 12 Dog bone PVA w/c, fiber vol Zhao et al., 2022

2022 13 Notch beam PVA Temp and duration of moisture Gao et al., 2023

2022 14 Four-point bending PP Fiber vol Tan et al., 2022

2022 15 Single shear test PVA Basalt–glass mixed textile, etc Shiping et al., 2022

2022 16 Single shear test PVA Freeze–thaw cycle Gao & Xie, 2022a

2012 17 Wedge splitting sample Glass, PVA, and steel Fiber type Gao et al., 2012

2011 18 Dog bone PVA w/b and POFA Johari et al., 2015
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composites have only one primary fracture that extends 
along the precut crack tip. However, the major crack does 
not always occur along the precut crack tip; instead, sev-
eral microcracks form around the crack point, much like 
an onion. Studies have demonstrated that PVA fiber has 
the greatest toughening impact on cementitious com-
posites. Furthermore, steel fiber-reinforced concrete and 
ECC have the same nominal fracture energy. Steel fiber 
applied to mortar has less toughness than steel fiber 
added to concrete. Glass fiber composites are not as 
tough as steel fiber composites. The relatively best tough-
ening material is PVA fiber rather than glass and steel 
fibers(Gao et al., 2012).

5.3 � Effect of Fiber Volume
Research on the impact of fiber volume on the fracture 
energy of engineered cementitious composites (ECC) 
is crucial since it directly affects the materials’ durabil-
ity and mechanical performance. Fiber addition greatly 
improves the strain-hardening characteristic that ECCs 
are intended to display. Fracture energy, a measurement 
of a material’s capacity to absorb energy during fracture, 
is mostly determined by the volume fraction of fibers. 
When the fiber volume rises, ECC’s fracture energy also 
increases dramatically. In particular, Gf ,H , Gf ,S , and Gf  
rose by 89.51%, 64.01%, and 64.67%, respectively, when 
fiber volume increased from 1.4% to 2.0% (Zhu et  al., 
2023). This behavior is largely produced by a greater fiber 
volume percentage, which increases the quantity of fib-
ers in the cementitious matrix as well as the amount of 
bridging fibers at the fractures. This improves the ECC’s 
capacity to resist breaking and disperse energy, hence 
raising the fracture energy. As the volume percentage 
of PVA fiber grew (1.0%, 1.5%, and 2%), fracture energy 
increased by 47.8% and 114%, respectively. This implies 
that adding PVA fiber to an ECC at a concentration of 
1.0% to 1.5% can improve its Gf  . This may be due to the 
fact that the extra fiber increases the bridging action 
between the cementitious matrix and the fibers at the 
crack, allowing for the dissipation of more energy from 
cracking to fracture (Al Moman et al., 2023).

Studies show that a growth in the content of fiber typi-
cally results in an increase in fracture energy. For exam-
ple, Kim et al. showed that the highest flexural strength of 
45 MPa was achieved with a fiber volume fraction of 6% 
(Kim et al., 2020), suggesting that increased fiber content 
enhances toughness and resistance to brittle failure. The 
inclusion of PVA fibers enhances ductility and fracture 
toughness, and the rise in fracture toughness is shown 
to be linear with increasing fiber volume percentage, 
according to Xu et al. (2011).

The ability of the fibers to redistribute stress and bridge 
cracks is the mechanism responsible for the increase in 

fracture energy with fiber volume. When fibers are intro-
duced, the composite’s behavior changes from brittle to 
ductile by improving its ductility and slowing the spread 
of cracks. Because the increased fracture energy might 
prevent catastrophic failures, this is especially crucial in 
applications where ECCs are subjected to dynamic loads 
or impacts (Etminani & Sharif 2018).

Additionally, the way the fibers are distributed inside 
the composite matrix is quite important. Process-
ing methods have a major impact on fiber distribution, 
which in turn affects the mechanical performance of 
ECCs, according to Niu et al. (2013). A well-distributed 
fiber network maximizes the effectiveness of the fibers in 
resisting fracture, thereby enhancing the overall fracture 
energy of the composite.

5.4 � Effect of Fiber Aspect Ratio
The increase in Gf ,H , Gf ,S , and Gf  was observed with an 
increase in the fiber aspect ratio. In particular, Gf ,H , Gf ,S , 
and Gf  rose by 117.58%, 13.19%, and 16.42%, respectively, 
when the aspect ratio increased from 480 to 818. This 
trend can be justified by the fact that a fiber with a larger 
aspect ratio has a more effective bond area with the 
matrix, which increases the energy dissipated by the fiber 
pullout during matrix cracking, leading to a higher frac-
ture energy (Zhu et  al., 2023). Gf  generally increased as 
theVf Lf

df
 value increased. The Gf  of PE-ECC increased 

steadily for the instance of water-to-binder ratio of 0.16, 
rising from 10.08 kJ/m2 to 16.04 kJ/m2 which is an incre-
ment of 58.9% as the Vf Lf

df
 value increased from 5 to 18 

(Yu et al., 2020). Likewise, a similar tendency was seen in 
the association between Vf Lf

df
 and the PE-ECC fracture 

energy at various w/b ratios. The concept of Vf Lf
df

 is linked 
to the probability of fibers being present at the critical 
crack surface, a factor heavily influencing the energy dis-
sipation capacity of the composite material. A higher Vf Lf

df
 

value suggests more fibers bridging the crack due to a 
larger effective area for fiber–matrix bonding across the 
crack section. This translates to greater energy consump-
tion during the fiber pull-out process, ultimately result-
ing in higher fracture energy Gf  as illustrated in Fig.  6. 
The graph reveals a fascinating interplay between fiber 
aspect ratio and different energy components in the 
material. While the total fracture energy remains remark-
ably stable at around 7 kJ/m2 across all fiber aspect ratios 
(500–900), the internal energy distribution shows dis-
tinct patterns. The softening energy demonstrates a clear 
positive linear trend, increasing significantly with higher 
aspect ratios, suggesting that longer fibers contribute 
more to the material’s post-peak energy absorption 
capacity. In contrast, the hardening energy remains 
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consistently minimal (near 1 kJ/m2) regardless of aspect 
ratio changes. This pattern, validated by independent 
studies indicates that while fiber aspect ratio significantly 
influences the material’s post-peak behavior through 
enhanced softening energy, it has minimal impact on the 
overall fracture energy and hardening characteristics.

The aspect ratio of fibers used in engineered cemen-
titious composites (ECC) significantly influences their 
mechanical behavior, particularly in terms of strain hard-
ening and strain softening. Strain hardening is charac-
terized by an increase in stress with increasing strain, 
leading to multiple cracking and enhanced ductility, 
while strain softening refers to a decrease in stress after 
reaching a peak load, resulting in reduced load-bearing 
capacity. The fiber bridging mechanism in ECC is the 
prime reason for strain-hardening behavior in the ECC 
matrix. The fiber bridge prevents the expansion of cracks, 
ultimately allowing the material to withstand significant 
deformation before failure.

Fiber aspect ratio plays an important role in determin-
ing the tensile strength and strain capacity of ECC. Zhou 

et al. compared the PE fibers and steel fibers and reported 
that PE fibers with a high aspect ratio (750) led to a ten-
sile strength of approximately 15.5 MPa and a maximum 
tensile strain capacity of 9%, while steel fibers with a 
lower aspect ratio (65) exhibited strain-softening behav-
ior with a tensile strength of only 8.5 MPa (Zhou et al., 
2018). These differences demonstrate the significance of 
fiber geometry in improving ECC mechanical properties.

Other studies validated these findings showing that 
there is an optimum aspect ratio of fibers for obtaining 
maximum performance. In a study, Wnag et al. compared 
the different aspect ratios (55, 65 and 80) of steel fibers 
and concluded that 65 was the optimal aspect ratio for 
steel fibers in ECC yielding higher compressive strength 
(Su & Cai, 2013).

Fiber distribution also affect the strain-hardening 
behavior of ECC. A poor fiber distribution causes 
adverse effect on strain hardening as stated by Niu et al. 
(2013) due to the localized weakness in the composite. 
This is supported by Yang and Li, who reported that 
fiber distribution and fiber content directly impacted 

Fig. 6  Gf ,H , Gf ,S , and Gf  variation concerning the aspect ratio of fibers
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the tensile strength and strain capacity of ECC (Yang 
& Li, 2016). Furthermore, Zhang et al. emphasized that 
the geometry and aspect ratio of fibers are pivotal in 
determining the overall performance of ECC, as they 
affect the material’s ability to undergo multiple cracking 
and maintain ductility under load (Zhang et al., 2018).

In brief, the fiber aspect ratio is a key factor influ-
encing the strain-hardening and softening behavior 
of ECC. Higher aspect ratios tend to improve tensile 
strength and strain capacity, while optimal fiber distri-
bution and effective fiber/matrix bonding further con-
tribute to the material’s overall performance. Results 
from various studies highlight that fiber properties 
must be carefully considered in the design of ECC to 
achieve the desired mechanical properties. Table 4 pro-
vides a summary of the effect of fibers on the strain-
hardening and strain-softening behavior of ECC.

5.5 � Effect of w/c Ratio
The Gf ,H is 0.38 kJ/m2, Gf ,S 1.66 kJ/m2, and Gf  12.04 kJ/
m2 when w/b equals 0.21. As a result, the strain-softening 
phase of ECC has a fracture energy that is significantly 
higher than the strain-hardening phase. Furthermore, 
the ECC fracture energy dramatically dropped as w/b 
increased. Gf ,H , Gf ,S , and Gf  dropped by 25.72%, 44.23%, 
and 43.64%, respectively, when water-to-binder ratio 
increased from 0.21 to 0.30 (Zhu et  al., 2023). This is 
mostly because, a lower ratio of w/b corresponds to a 
higher interfacial friction force between the matrix and 
the fiber as well as a more energy consumption dur-
ing the pulling out of the fiber, which raises the fracture 
energy. In a study it was revealed that, except a specific 
case (w/c, w/b, of 0.14), fracture energy of PE-ECC gen-
erally reduced with growing w/b ratios. This trend held 
true regardless of the VfLf/df values (fiber volume and 
aspect ratio product). As shown in Fig.  7a a decrease 
in w/b from 0.32 to 0.16 led to a significant increase in 

Table 4  Strain Hardening and Strain Softening behaviour of ECC blended with various types of fibers

Aspect Strain hardening Strain softening

Fiber bridging Effective bridging across cracks (Cao et al., 2015; Lan et al., 2021; 
Mechtcherine et al., 2005)

Ineffective bridging due to high matrix strength (Noorvand 
et al., 2019)

Fiber types PVA, PP, PE, steel PVA (with improper reinforcing index)

Hybrid fibers Enhanced strength and ductility (steel + PP) (Banthia, 2003b; 
Wille, 2010b)

Not typically used for strain-softening

Fiber content Effective at low content (1.5%) (Mechtcherine et al., 2011a) High matrix strength leading to softening (Noorvand et al., 
2019)

Fiber–matrix interface Strong bond necessary for hardening (Mechtcherine et al., 
2011a)

Weak bond leading to fiber pull-out (Mechtcherine et al., 
2011a)

Fig. 7  W/c ratio effect on fracture energy of ECCs, a Gf ,S and Gf  variation w.r.t w/c, b Gf ,H variation with w/c (Al Moman et al., 2023; Li & Xu Jun., 2011; 
Sun, et al., 2018).
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fracture energy, from 8.70 kJ/m2 to 15.5 kJ/m2 (represent-
ing a 76.79% improvement). This coincided with a rise in 
compressive strength from 43.0  MPa to 94  MPa for ∗ = 
15 (an increase of 118%). However, when the w/b ratio 
further increased to 0.14, the fracture energy dropped 
to 12.57  kJ/m2 despite a higher compressive strength of 
115 Mpa (Yu et  al., 2020). Fig.  7b demonstrates a clear 
inverse relationship between the w/c ratio and the hard-
ening fracture energy in ECC materials. As the w/c ratio 
increases, studies show a consistent decrease in frac-
ture energy, though Zhao et al.’s results maintain higher 
absolute values throughout compared to Yu et al.’s find-
ings. This trend suggests that higher water content rela-
tive to cement leads to reduced fracture resistance in the 
material, with Zhao et al.’s study showing a more gradual 
decline compared to the steeper drop observed in Yu 
et  al.’s data, though both ultimately confirm that lower 
w/c ratios result in stronger, more fracture-resistant 
cement compositions.

The non-homogeneous cementitious matrix and the 
interfacial tension zones (ITZs) between the PE fibers 
and the PE-ECC matrix are where the first microcracks 
were found. As a result, PE-ECC’s improved strength 
led to a higher packing density between the ITZs and 
cementitious matrix, which may have a positive effect on 
PE-ECC’s fracture energy and reduce the beginning of 
cracks. Furthermore, when the external stress increased, 
many fibers were ripped out of the matrix as cracks 
developed and spread throughout the ITZs and matrix 
between the PE fibers. As a result, greater energy dissipa-
tion, during the pull-out process of fiber, and improved 
fracture energy would result from stronger matrix/fiber 
interface friction strength brought on by the lowering 
of the w/b ratio. However, the extremely low w/c ratio 
(i.e., 0.14) may introduce a friction strength at the fiber/
matrix interface that is greater than the PE fiber’s tensile 
strength, resulting in more fiber rupture failure than fiber 
pullout (Guan et al., 2023), which has a detrimental effect 
on the fracture energy. Unlike PE-ECC, where fracture 
energy declines with increasing water–binder ratio, PVA-
ECC shows an increase in energy dissipation capabil-
ity. With the increase in w/b ratio from 0.24 to 0.28, the 
fracture energy of PVA-ECC strengthened by 26.9% and 
18.4%, respectively (Al Moman et al., 2023). This suggests 
that a lower water–binder ratio in PVA-ECC reduces its 
ability to disperse energy.

5.6 � Effect of Loading Rate
The mode I fracture test of steel fiber-reinforced con-
crete was carried out by Zhang et  al. (2018) at stress 
rates between 103  mm.s−1 and 10–3  mm.s−1. The frac-
ture energy and peak load dynamic increase factors were 
around 2.5 and 3.5, respectively, at the fastest loading 

rate of 103  mm/s. Using the semicircular bending test 
method, Ruiz et  al., 2011 investigated the effects of 5, 
1, and 0.5  mm.min−1 loading rates on the mode I Gf  of 
high-strength FRC, which includes glass, polypropylene, 
and steel fiber. Steel fiber-reinforced concrete showed 
the greatest sensitivity to loading rates among them. 
According to Zhang et al. (2013), the loading rate within 
the range of 10 to 10−4 mm.s−1 increased the peak load 
and Gf  of high-strength concrete. However, the grow-
ing amplitude was very little, which can be described by 
the viscous impact of the water in the pores of compos-
ite structure. In contrast, the influence of inertia caused 
the peak load and Gf  to increase notably in the range of 
103–102  mm.s−1 loading rate. Zhang et  al. (2010) inves-
tigated how loading rate affected the spread of cracks 
in high-strength concrete. At lower loading rates of 
5.4 × 10−4 mm/s–17.3 mm/s, the low loading rate signifi-
cantly affected the crack growth rate; and at high load-
ing rates (8.8 × 102  mm.s−1 −  2.64 × 103  mm.s−1), there 
was no significant effect on the fracture propagation rate. 
The addition of fiber at varying loading rates will alter 
the crack growth law and complicate mixed mode I–II 
fractures as the fiber’s bridging performance increases 
the toughness of concrete (Gao et al., 2023). Shear cracks 
developed in the specimen after tensile cracks, accord-
ing to Arslan’s (1995) observation. Concrete can be made 
more impact-resistant by adding fiber reinforcement, 
and under impact loads, fiber-reinforced concrete has 
a larger fracture energy than regular concrete. Accord-
ing to research by Boshoff and Zijl (2007), the ultimate 
tensile strength of ECC was not significantly impacted 
by loading rate, although the first breaking strength was. 
The PVA fiber on the strain-hardening cementitious 
composites fracture surface was examined by Mechtch-
erine et al. (2011b). They discovered that under dynamic 
load, the PVA fiber’s surface displayed wavy plastic defor-
mation, but at the fracture point, the PVA fiber’s surface 
resembled the original surface of fiber when pulled out 
during the test. Tensile strain capacity would decrease 
with changes in fiber strength, fiber stiffness, and fiber–
matrix interface bond strength when the strain rate is 
increased in the range of 10−5 /s–10−1 /s (Khan et al., Jul. 
2023). Gao et  al. (2023) extensively studied the loading 
rate effect on the Gf  of ECC. They found that the CMODc 
value falls and the hardened portion of the load–CMOD 
curve shortens with increasing loading rate, suggesting a 
weakening of the strain hardening of ECC and a reduc-
tion in ductility. The Gf  of a beam made of ECC increased 
by 6.5% 16.5%, and 20.8%, respectively, at loading rates of 
0.01 mm.s−1, 0.1 mm.s−1, and 0.1 mm.s−1, as compared to 
0.0004 mm.s−1. This suggests that less energy is used for 
crack propagation in ECC, which weakens ductility and 
the strain capacity. Conversely, the energy needed for the 
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expansion and cracking of high-strength concrete and 
ultra-high-performance fiber-reinforced all vary in a spe-
cific range of loading rates (Abid et al., 2018).

5.7 � Effect of Notch Depth
The depth notch ratio is the ratio the of depth of the 
notch to the height of the sample. The fracture energy 
exhibits a decreasing trend as the notch depth ratio 
rises from 0.3 to 0.8 while maintaining a constant sam-
ple height of 100 mm (Abd Elmoaty et al., 2108). Similar 
trend has also been noticed in normal concrete (Maalej 
et al., 1995). In a study it was revealed a decrease in frac-
ture energy as the initial notch depth ratio increases from 
0.1 to 0.2. During three-point bending failure, the pri-
mary crack within the ECC specimen exhibited a zigzag 
propagation pattern. For specimens with shallower initial 
notches (0.1 and 0.2), a potential for combined shear fail-
ure at the notch tip might exist due to a larger fracture 
zone height. This phenomenon is likely caused by the 

interplay between the normal stress induced by bending 
and the shear stress arising from interfacial slip between 
the fiber and the matrix (Li et  al., 2011b; Mechtcherine 
et al., 2011a). Fig. 8 below shows the effect of notch depth 
on the fracture energy of ECCs. The graph illustrates the 
relationship between notch depth ratio (x-axis) and frac-
ture energy (y-axis) based on data from Gao et al. 2022. It 
shows a non-linear trend where fracture energy initially 
fluctuates at lower notch depth ratios, peaks at approxi-
mately 0.3 notch depth ratio with a maximum fracture 
energy of around 3.8 kJ/m2, and then steadily decreases 
as the notch depth ratio increases, reaching its lowest 
value of about 1.5  kJ/m2 at the highest ratio. This sug-
gests that an optimal notch depth ratio exists around 0.3, 
maximizing fracture energy, while both lower and higher 
ratios result in reduced fracture energy.

Fig. 8  Gf  variations for notch depth ratio (Abd Elmoaty et al., 2108)
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5.8 � Effect of Temperature
An interesting trend emerged when analyzing the bi-
material specimens’ fracture properties at varying tem-
peratures. Both fracture toughness and fracture energy 
reached their peak values at 400 °C. Below this tempera-
ture, fracture toughness steadily increased with rising 
temperature. However, above 400 °C, a rapid decrease was 
detected. This behavior can be ascribed to the dominant 
failure mode at different temperatures. Below 400  °C, 
adhesive failure between the materials was prevalent. 
As the temperature rose, concrete cracking increased. 
The ECC effectively filled these cracks near the interface, 
leading to enhanced interfacial fracture toughness. How-
ever, higher temperatures also weakened the concrete 
itself, causing its fracture toughness to decline. At 400 °C, 
a critical point was reached where the concrete’s fracture 
toughness became lower than the interface’s. This trig-
gered a shift towards cohesive failure within the concrete, 
resulting in the observed peak in overall toughness. Fur-
ther temperature increases beyond 400  °C continued to 
degrade the concrete’s fracture toughness due to ther-
mal damage, leading to the observed decline. The trend 
for fracture energy was more complex. At temperatures 
below 400  °C, it initially decreased before increasing. 
Above 400  °C, a sharp drop in fracture energy mirrored 
the decrease in toughness ( Shang et al., 2023). Alterna-
tively, an increasing trend has been found in the Gf  of the 
ECC mix when the temperature drops from 20 to −  20 
(Gao et  al., 2023). In a further investigation, the effects 
of freeze and thaw in ECC were measured at − 20 and 20 
degrees. After 25 freeze–thaw cycles, it has been noted 
that Gf decreases when loaded at 20 °C. This is associated 
with the matrix and fiber–matrix interface performance 

degrading as a result of the freeze–thaw cycles the speci-
men’s quality and dynamic elastic modulus increased, 
however, there was some surface degradation, and a few 
new pores formed. According to a previous study, this 
is due to the micro-ice crystals in the pores acting as a 
cryopump (Gao & Xie, 2022a). The specimen may be 
supersaturated during the freezing and thawing process 
because water is pushed from the gel pores and micropo-
res to the area where the micro-ice crystals are during 
the freeze and thawing phase. Throughout the tempera-
ture recovery process, the water migrates in the opposite 
direction. As a result, it seems to absorb water during the 
whole freeze–thaw cycle when there is water outdoors. 
Consequently, ECC’s quality and dynamic elasticity 
seem to improve after 25 freeze–thaw cycles(Gao & Xie, 
2022a). The effect of temperature and freeze–thaw cycles 
on fracture energy is shown in Fig. 9. Shang et al. (2023) 
shows a complex pattern where the fracture energy starts 
around 2.8 J/m2 at lower temperatures, fluctuates with a 
notable peak reaching about 3.0  J/m2 at around 400  °C, 
and then steadily decreases to about 1.2  J/m2 as tem-
perature increases to 700  °C. Gao and Xie (2022a) only 
cover a shorter temperature range from about −100 °C to 
0 °C, showing some variation in fracture energy between 
approximately 1.7 and 2.5 J/m2.

6 � Conclusion
For engineered cementitious composites (ECC), fracture 
energy is important because it indicates how resistant 
the material is to crack propagation. In ECC, higher frac-
ture energy corresponds to improved toughness and the 
capacity to absorb energy before failure. This enhanced 
resistance to cracks reduces spalling and increases the 

Fig. 9  Effect of temperature and freeze–thaw cycles on fracture energy (Gao et al., 2023) (Al Moman et al., 2023) (Shiping et al., 2022)
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overall longevity of structures, particularly in adverse 
environments or during seismic activity. The charac-
teristics of the binding matrix, the type, volume, and 
aspect ratio of the fiber, as well as the strength of the link 
between the fiber and matrix, all affect fracture energy in 
ECC. ECCs with tailored fracture behavior for a variety 
of engineering applications can be created by optimiz-
ing these factors. Because of its remarkable ductility, 
tensile strength, and crack control, engineered cemen-
titious composites (ECC) with high fractured energy 
are appropriate for a range of civil engineering applica-
tions. ECC’s strain-hardening behavior lowers mate-
rial consumption and improves sustainability in bridge 
building, while its impact resistance and energy absorp-
tion capacity increase the longevity of girders and piers 
(Baral et  al., 2019; Krouma & Syed, 2016). ECC’s high 
ductility improves beam–column joint performance for 
earthquake-resistant structures, lowering the demand for 
shear reinforcement and boosting resilience in seismic 
events (Yuan et al., 2017; Zhang et al., 2015).

In repair and retrofitting, ECC is also effective as its 
bonding with the traditional concrete is very well in the 
repair of deep beams in aging structures (Liew et  al., 
2020; Şahmaran et al., 2013). The self-healing properties 
further reduced the maintenance needs (Khitab et  al., 
2012). The freeze and thaw resistance of ECC improves 
its durability and ensures long-lasting performance in 
tunnels and dams (Gao & Xie, 2022b).

•	 Fiber type: Fiber types play an important role in the 
mechanical characterization of ECC. Among the dif-
ferent types of fibers studied for fracture energy of 
ECC, PVP fibers are the best-performing synthetic 
type of fiber. The Gf  of the combined PVA and glass 
fibers was lower than the fracture energy of the sam-
ple containing only 1% of PVA fibers.

•	 Fiber vol. and aspect ratio: Similar to the fiber vol-
ume, the aspect ratio of fiber also plays a significant 
role in the fracture energy of ECC. As the volume 
content of PVA fiber rose from 1.0% to 2%, corre-
spondingly, the fracture energy increased by 47.9% 
and 112.8%. This suggests that the addition of PVA 
fiber to an ECC within the range of 1.0–1.5% is ben-
eficial in getting the desired fracture energy. The 
Gf  of PE-ECC improved gradually from 10.08  kJ/
m2 to 16.04  kJ/m2 as the aspect ratio of fiber value 
increased from 5 to 18.

•	 Effect of w/c ratio: When the w/b ratio increased 
from 0.24 to 0.28, respectively, the Gf  increased 
by 26.9% and 18.4%. This suggests that in contrast 
to ECC with PVA fibers, whose energy dissipation 
capacity increased with an increasing w/b ratio, PVA-
ECC’s energy dissipation capacity can be strength-

ened with an increase in the w/b ratio. This is mostly 
because a lower water-to-binder ratio corresponds to 
a higher interfacial friction force between the matrix 
and the fiber as well as a more energy consumption 
during the pulling out of the fiber, which raises the Gf

.
•	 Depending on the type of specimen used for fracture 

energy calculation also affects the fracture behavior 
of ECCs. With the notch sample, the depth of the 
notch ratio controls the fracture energy of the ECCs. 
The specimen’s fracture energy has been recorded 
low with the initial notch depth ratio. The primary 
crack in the ECC developed in the form of a zigzag 
when the three-point bending beam failed. This is 
due to the combination of normal and shear stress 
from bending test between the fiber and matrix of 
cementitious composites. The depth and geometry of 
the notch are measured using digital calipers or other 
precise measurement tools, and the dimensions are 
verified against design specifications. Any deviation 
is recorded and reported to account for its influence 
on fracture energy results.

•	 Similarly, for the dynamic behavior of ECC, the load-
ing rate also affects the Gf  of ECC. The dynamic 
peak load and the Gf  increase with factors around 
2.5 and 3.5, correspondingly, at the fastest loading 
rate of 103 mm/s compared to 10−3 mm/s. To ensure 
accuracy, the loading rate must be calibrated before 
the test, and any variations are logged through the 
machine’s integrated data acquisition system. Stand-
ard rates recommended by ASTM or ISO guidelines 
should be typically followed unless deviations are 
explicitly justified.

7 � Future Recommendations

•	 Multi-scale model development and simulation: 
There is still a need to investigate the creation of 
multi-scale models that integrate microstructure, 
fiber–matrix interactions, and the general fracture 
behavior of ECC. This can help to optimize the distri-
bution and characteristics of the fiber for the desired 
fracture energy.

•	 Advanced fiber engineering: Recent innovations in 
new fiber types, such as hybrid and nanofibers, and 
surface modifications can increase stress transfer 
and the fiber–matrix interface, which could result in 
higher fracture energy. There is a lack of studies on 
the fracture energy and fracture behavior of ECCs.

•	 Sustainable ECC development: There is a lack of 
research being done on the fracture behavior of sus-
tainable materials like the use of recycled aggregates, 
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and other waste materials to make more sustainable 
ECCs for a green environment. Achieving sustain-
able engineered cementitious composites (ECC) 
involves integrating alternative materials, optimizing 
design, and employing innovative production tech-
niques. Utilizing waste materials like fly ash and silica 
fume, as well as natural fibers, reduces environmen-
tal impact while enhancing mechanical and thermal 
properties. Design improvements, such as using PVA 
fibers for ductility and strain-hardening, allow for 
lighter structures with extended lifespans, minimiz-
ing material usage and repairs. Sustainable produc-
tion methods, including alkali-activated cements, 
nano-engineering, and recycled aggregates, further 
reduce carbon emissions. ECC’s durability and self-
healing capabilities make it ideal for critical infra-
structure, promoting long-lasting and eco-friendly 
construction.

•	 Breakage toughness under various loading situa-
tions: The current knowledge of ECC fracture energy 
includes loading that is not monotonic in the real 
world like fatigue, impact, and combination loading 
scenarios.

•	 Experimental limitations: Non-standardized meth-
ods for evaluating ECC fracture energy hinder result 
comparability. The three-point bending test offers 
simplicity and direct measurements, but underes-
timates fracture energy by missing complex crack 
interactions. Uniaxial tensile tests provide tensile 
strain data, but fail to reflect multi-axial stress states. 
However, Wang et al. reported that acoustic emission 
(AE) monitoring enhances understanding of crack 
behavior with real-time data but requires sophisti-
cated equipment, limiting accessibility and standard-
ization (Wang et  al., 2023). They also reported that 
further investigation is needed on the experimental 
procedure of the AE monitoring method for the frac-
ture analysis of ECC.
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