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A B S T R A C T   

Engineered/Strain-Hardening Cementitious Composites (ECC/SHCC) are fiber-reinforced cement-based mate-
rials with tensile strain-hardening and multiple-cracking characteristics. In this study, ultra-high-strength ECC 
(UHS-ECC) with a compressive strength over 210 MPa was successfully developed for the first time. The 
developed UHS-ECC exhibited excellent tensile strain capacity (5.2%), and fine crack width (72 μm). These 
characteristics were realized by combined use of polyethylene and steel fibers in a dense matrix. Two new 
material indices (f’cftεt index and f’cftεt/w index) were proposed to assess the overall performance of UHS-ECC. 
Compared with existing high-strength ECC, the developed UHS-ECC records the highest compressive strength 
and the best overall performance. The findings of this study provide useful knowledge for future design and 
applications of UHS-ECC.   

1. Introduction 

Engineered Cementitious Composites (ECC) are fiber-reinforced 
cement-based materials with tensile strain-hardening and multiple- 
cracking characteristics (typically crack width < 100 μm) [1–3]. This 
material is designed based on micromechanical principles [4–5] and is 
also popularly known as strain-hardening cementitious composites 
(SHCC) [6–8] or ultra-high toughness cementitious composites (UHTCC) 
[9–10]. For ordinary ECC, the compressive strength ranges from 20 to 
80 MPa [11,12] and the tensile strain capacity ranges from 2% to 8% [1, 
3]. Compared with conventional fiber-reinforced concrete [13], ECC 
shows superior mechanical performance and crack-control behavior 
under monotonic and cyclic loadings [14–17]. ECC has excellent dura-
bility performance even under a cracked state [18–20], owing to its fine 
crack width and self-healing characteristics. Thus, ECC is considered as 
an ideal material for strengthening and repair, and for new construction 
of transport, hydraulic, and marine infrastructures that are subjected to 
complex loading conditions and severe service environments [1,21–23]. 

For fiber-reinforced cementitious composites, a high-strength matrix 
with dense microstructure is beneficial for their stiffness and durability 
performance in practical applications. Hence, in recent years, high- 

strength ECC with a compressive strength over 100 MPa and a tensile 
strain capacity of 2%–11% [24–37] has been developed. For example, 
the high-strength ECC developed by Ranade [26] showed the highest 
compressive strength (205 MPa), while the others showed a compressive 
strength lower than 170 MPa. It is noted that the ECC with 205 MPa 
compressive strength exhibited a relatively large crack width (i.e., 135 
μm) under tensile loading [26]. For ECC materials, a finer crack width 
(typically < 100 μm) has been shown critical for its self-healing and 
durability performance [38]. It is therefore highly desirable to develop 
an ECC material with ultra-high strength, excellent ductility and very 
fine crack width. However, the existing knowledge in this aspect re-
mains limited. 

This study aimed at developing an ultra-high strength ECC (UHS- 
ECC) with a compressive strength over 200 MPa, a tensile strain capacity 
over 5%, and a crack width below 100 μm. The mechanical properties of 
the developed UHS-ECC were investigated in terms of the compressive 
strength, tensile strength, tensile strain capacity, crack pattern, and 
crack width, using existing high-strength ECCs as a benchmark. The 
fiber failure modes on the tensile fracture surface were analyzed to gain 
a better understanding of the achieved mechanical properties of UHS- 
ECC. 
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2. Experimental program 

2.1. Raw materials and mix proportions 

Mix proportions. The UHS-ECC mixtures studied are presented in 
Table 1. The main difference between the two mixes was the fiber 
content. The cement was Type I 52.5 N Portland cement (BS EN 

197–1:2011). The particle size distributions of cement, silica fume (SF), 
slag, quartz powder (QP), and silica sand are presented in Fig. 1. The 
maximum particle sizes of cement, silica fume, and slag were no more 
than 50 μm, the mean particle size of the quartz powder was 7.5 μm, and 
the mean particle size of the silica sand was below 300 μm. Poly-
carboxylate ether superplasticizer (SP) was used for water reduction. In 
both mixes, polyethylene (PE) fiber and steel fiber were used together. 
For the UHS-ECC matrix, the water-to-binder (cement, silica fume, and 
slag) ratio was 0.158, the sand to binder ratio was 0.272, and the SP to 
binder ratio was 0.0148. The cementitious paste volume (the volumetric 
ratio of paste in one cubic meter) is important for the performance of 
cement-based materials [39]. For the UHS-ECC, the paste volume was 
approximately 0.8. It is noted that lower sand volume (i.e., higher paste 
volume) can lead to lower fracture toughness of matrix, which is 
desirable for tensile strain-hardening behavior. Hence, a comparatively 
high paste volume (i.e., 0.8) was used for UHS-ECC in this study. 

Fibers. Table 2 lists the properties of PE and steel fibers. The PE fiber 
has diameter and length of 24 μm and 12 mm, respectively. The straight 
steel fiber has diameter and length of 200 μm and 13 mm, respectively. 
Generally, 1.5–2.0% (Vol.) PE fibers are used for high-strength ECC [3, 
25,28,30], and 1–4% (Vol.) steel fibers are used for ultra-high perfor-
mance concrete (UHPC) [40–43]. In addition, the hybrid use of steel and 
synthetic fibers can improve the compressive strength of both normal- 
and high-strength ECC [44,45]. For the UHS-ECC, hybrid fiber rein-
forcement (PE and steel fibers) was used. 

Chemical compositions. The chemical compositions of the cement, 
silica fume, slag, and quartz powder, analyzed by X-ray fluorescence 
(XRF) spectroscopy (Bruker AXS GmbH), are presented in Table 3. The 
content of silica dioxide in the silica fume was over 93% (by mass). 

2.2. Material preparation and testing methods 

Material preparation. The mixing process of UHS-ECC was as follows: 
(a) the cement, silica fume, slag, quartz powder and silica sand were 
mixed for 2–3 min; (b) the water and superplasticizer were added and 
mixed for 10–12 min; (c) the PE and steel fibers were added and mixed 
for 5–6 min; (d) the prepared mixture was cast into molds. According to 
ASTM C1437 [46], the mini-slump spread diameters of M-P2.0S1.0 and 
M-P1.5S1.5 were 129 mm and 138 mm, respectively. Generally, the 
spread diameters of normal ECC, high-strength ECC, and UHPC are 
250–350 mm [47], 160–180 mm [23], and 200–250 mm [48], respec-
tively. Compared with these materials, UHS-ECC showed significantly 
lower flowability. Thus, more efforts are needed to improve the work-
ability of UHS-ECC in future study. 

Curing procedure. The cast UHS-ECC was stored at 20 ◦C for 24 h, 
demolded and cured in 90 ◦C water for 9 d to accelerate the hydration 
reaction [25,26]. After heat curing, UHS-ECC was placed in a lab envi-
ronment (room temperature: 20–24 ◦C). In this study, all mechanical 
properties of UHS-ECC were tested at 12 d after casting. 

Compression test. Three 50 mm × 50 mm × 50 mm cubes were pre-
pared for each mix, according to ASTM C109/C109 M [49]. It is noted 
that this cube specimen has been used to evaluate the compressive 
strength of high-strength ECC in many existing studies (e.g. Refs. [3,25, 
26,28,32,34]). Hence, for comparison, this specimen was also used for 
UHS-ECC. As the strength measured by standard concrete cube and 
prism should be more convincing, additional compressive tests are 
needed for UHS-ECC in future study. The elastic modulus of UHS-ECC 

Table 1 
Mix proportions (kg/m3).  

Raw material M-P2.0S1.0 M-P1.5S1.5 

Cement 1126 1126 
Silica fume (SF) 282 282 
Slag 141 141 
Quartz powder (QP) 141 141 
Silica sand 422 422 
Water 245 245 
Superplasticizer (in solid) 23 23 
PE fiber (Vol %) 2.0% 1.5% 
Steel fiber (Vol %) 1.0% 1.5%  

Fig. 1. Particle size distributions of raw materials.  

Table 2 
Properties of PE and steel fibers (obtained from the suppliers).  

Fiber Diameter 
(μm) 

Length 
(mm) 

Strength 
(MPa) 

Modulus 
(GPa) 

Density (g/ 
cm3) 

PE 
fiber 

24 12 3000 100 0.97 

Steel 
fiber 

200 13 ≥2000 210 7.8  

Table 3 
Chemical compositions of cement, silica fume, slag, and quartz powder.  

Raw material SiO2 Fe2O3 Al2O3 CaO TiO2 SO3 P2O5 MgO K2O ZrO2 Cl 

Cement 22.60 0.21 4.27 67.10 0.12 3.96 0.13 1.03 0.19 / 0.08 
Silica fume 93.20 0.41 0.80 0.10 0.07 0.08 0.31 / 0.10 4.50 0.01 
Slag 31.80 0.72 18.90 35.5 0.8 2.35 0.11 8.69 0.57 0.05 0.04 
Quartz powder 96.40 0.14 0.74 0.81 / 0.90 0.12 0.10 0.61 / 0.13  
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was measured using a cylinder specimen (Φ75 mm × 150 mm) ac-
cording to ASTM C469/C469 M [50]. 

Direct tension test. According to Ref. [51], three dumbbell samples 
were prepared for each mix (Fig. 2). The loading rate was set to 0.5 
mm/min [51], and the tensile deformation of the central part (80 mm 
length) was measured using a linear variable differential transformer 
(LVDT). To monitor the strain field of UHS-ECC, digital image correla-
tion (DIC) was applied to analyze the cracking behavior of ECC materials 
[52,53]. The speckle pattern for DIC analysis was applied on the middle 
part of the specimen (Fig. 2). During the test, digital images were 
captured every 3 s. 

Scanning electron microscopy (SEM). After the direct tension test, the 
fiber failure modes on the fracture surface of UHS-ECC were investigated 
using SEM (Jeol 6490). 

3. Test results and discussions 

3.1. Mechanical properties of UHS-ECC 

The mechanical properties of the developed UHS-ECC are summa-
rized in Table 4. For both UHS-ECC mixes, the compressive strength was 
over 210 MPa (210.6 MPa for M-P2.0S1.0 and 213.2 MPa for M- 
P1.5S1.5). The elastic moduli of M-P2.0S1.0 and M-P1.5S1.5 were 52.5 
GPa and 52.9 GPa respectively. The tensile stress–strain relations 
(Fig. 3) showed clear strain-hardening behavior. M-P2.0S1.0 achieved 
an average tensile strength of 16.1 MPa and an average strain capacity of 
5.2% (i.e., approximately 520 times that of ordinary concrete). M- 
P1.5S1.5 achieved an average tensile strength of 15.6 MPa and an 
average strain capacity of 3.4% (i.e., approximately 340 times that of 
ordinary concrete). It is noted that the ratio between compressive 
strength and tensile strength of UHS-ECC was less than 1/10, indicating 
that further improvement of the tensile strength is needed. According to 
the design theory of ECC [1], the tensile strength depends on fiber aspect 
ratio, fiber content, and fiber/matrix bond strength. For the UHS-ECC, 
there is very limited room to improve the fiber content, as 3% (Vol.) 
fiber was already used. Thus, it is desirable to adjust the fiber aspect 
ratio and to improve the fiber/matrix bond (e.g., using surface treatment 
technology) in following study. 

The average crack width for each group is listed in Table 4. Ac-
cording to the method in Ref. [37], the crack width was calculated based 

Fig. 2. Dimensions of the specimen for direct tension test.  

Table 4 
Mechanical proportions of UHS-ECC.  

Proportions M-P2.0S1.0 M-P1.5S1.5 

Compressive strength (MPa) 210.6 ± 4.7 213.2 ± 2.0 
Tensile strength (MPa) 16.1 ± 0.9 15.6 ± 0.5 
Tensile strain capacity (%) 5.2 ± 0.8 3.4 ± 0.4 
Average crack width at the ultimate tensile strain 

(μm) 
71.7 ± 2.5 112.3 ± 9.7 

Elastic modulus (GPa) 52.5 ± 0.9 52.9 ± 0.3  

Fig. 3. Tensile stress–strain relations of UHS-ECC: (a) M-P2.0S1.0 and (b) M-P1.5S1.5. M-P2.0S1.0 has a tensile strength of 16.1 MPa and a strain capacity of 5.2%, 
and M-P1.5S1.5 has a tensile strength of 15.6 MPa and a strain capacity of 3.4%. 
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on the original high-resolution digital image taken at the ultimate tensile 
strain of each sample. The average crack widths of M-P2.0S1.0 and 
M-P1.5S1.5 were found to be 72 μm and 112 μm, respectively, even 
under the ultimate tensile strain levels (i.e., 5.2% for M-P2.0S1.0 and 
3.4% for M-P1.5S1.5). It is expected that the crack widths under the 
service condition are much smaller, which is critical for the durability 
performance of UHS-ECC. The first cracking strains of the UHS-ECC 
were approximately 0.018–0.025%. Overall, the cracking strains of 
M-P2.0S1.0 and M-P1.5S1.5 were close, because the difference of the 
fiber reinforcement in two mixes were not significant. 

It is known that UHPC has ultra-high strength (typically ≥ 150 MPa 
in compression) with specified durability and tensile ductility [40,42,54, 
55]. In this respect, the UHS-ECC developed can be considered as a 
specific type of UHPC, and hence can also be named as ultra-high per-
formance ECC (UHP-ECC). 

3.2. DIC strain fields and crack patterns 

Fig. 4 presents the DIC strain fields and crack patterns of two typical 
samples (M-P2.0S1.0_2 and M-P1.5S1.5_1) at four strain levels (0.25εt, 
0.5εt, 0.75εt, and εt). Here, εt is the tensile strain capacity of the sample. 
It is noted that the crack patterns of the samples in each group were 
similar, and the typical samples were selected based on the quality of the 
digital photographs, which is important for a reliable DIC analysis. In 
Fig. 4, significant multiple cracking can be observed for both materials. 
As the tensile strain increased, the number of cracks in UHS-ECC 
increased. It can be also seen that at the ultimate stage, the crack 
number of M-P2.0S1.0_2 was significantly larger than that of M- 
P1.5S1.5_1, leading to the higher tensile strain capacity of the former. In 
addition, almost saturated multiple cracking was achieved in M- 
P2.0S1.0_2, while the cracks of M-P2.0S1.0_1 were concentrated in the 

Fig. 4. DIC strain fields and crack patterns of the typical samples at different strain levels: (a) M-P2.0S1.0 and (b) M-P1.5S1.5. Significant multiple cracking can be 
observed for both materials. Color code shows local tensile strain values. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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Table 5 
Summary of the mechanical properties of high-strength ECC in literature.  

Material ID f’c (MPa) εt (%) ft (MPa) w (μm) f’cεt Index (MPa) f’cftεt Index (MPa2) f’cftεt/w Index (MPa2/μm) 

M-P2.0S1.0 (This study) 211 5.2 16.1 72 10.9 175.5 2.45 
M-P1.5S1.5 (This study) 213 3.4 15.6 112 7.3 114.6 1.02 
A (Kamal et al., 2008 [24]) 96 2.8 10.0 61* 2.7 26.9 0.44 
B (Ranade et al., 2013 [25]) 166 3.4 14.5 180 5.6 81.8 0.45 
C (Ranade 2014 [26]) 205 4.6 16.1 135 9.4 151.3 1.12 
D (Curosu et al., 2017 [27]) 134 3.9 7.6 68* 5.2 39.6 0.58 
E (He et al., 2017 [28]) 153 2.3 15.0 71 3.5 52.8 0.74 
F (Chen et al., 2018 [29]) 150 2.4 10.8 48* 3.6 38.9 0.81 
G (Yu et al., 2018 [30]) 122 8.2 17.4 160* 9.9 172.9 1.08 
H (Lei et al., 2019 [31]) 163 6.5 7.0 85 10.6 74.5 0.88 
I (Lu et al., 2019 [32]) 132 6.4 10.4 58 8.4 87.9 1.52 
J (Zhang et al., 2019 [33]) 87 7.0 10.9 69 6.0 65.8 0.95 
K (Li et al., 2020 [34]) 131 11.0 12.1 138 14.4 174.0 1.26 
L (Nguyễn et al., 2020 [35]) 104 5.3 8.0 83 5.4 43.5 0.53 
M (Zhang et al., 2020 [36]) 109 3.8 13.0 78 4.2 54.4 0.70 
N (Huang et al., 2021 [37]) 134 7.0 7.1 86 9.4 66.6 0.77 

Note: * represents that this value was estimated based on the data in the corresponding reference. 

Fig. 5. Comparison between UHS-ECC and existing high-strength ECC: (a) compress strength vs. tensile strain capacity relation, (b) f’cεt index vs. crack width 
relation, and (c) f’cftεt index vs. crack width relation. Compared with high-strength ECC in literature, the developed UHS-ECC (M-P2.0S1.0) shows the best overall 
performance. 
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lower half of the tension zone. 

3.3. Comparison between UHS-ECC and existing high-strength ECC 

Table 5 summarizes the mechanical properties of the high-strength 
ECC reported in the literature. Here, f’c is the compressive strength, ft 
is the tensile strength, εt is the tensile strain capacity, and w is the 
average crack width at the ultimate tensile strain. To evaluate the 
compressive strength and tensile ductility together, the f’cεt index was 
used, which is defined as the product of compressive strength and tensile 
strain capacity (i.e., f’c × εt) [26]. Also, the tensile strength and crack 
width of ECC are critical for practical applications. Thus, two new 
indices (f’cftεt index and f’cftεt/w index) are proposed. The f’cftεt index, 

defined as f’c × ft × εt, can be used to evaluate the compressive strength, 
tensile strength, and tensile ductility together. As a smaller crack width 
(w) is beneficial to the durability of ECC, the reciprocal of w is used in the 
f’cftεt/w index. Note that for f’cεt, f’cftεt and f’cftεt/w indices, the larger 
the value, the better the performance. For comparison, the values of 
these indices are collected in Table 5 for each material. 

Fig. 5 compares the developed UHS-ECC and existing high-strength 
ECC, including the compressive strength vs. tensile strain capacity 
relation (Fig. 5a), the f’cεt index vs. crack width relation (Fig. 5b), and 
the f’cftεt index vs. crack width relation (Fig. 5c). In Fig. 5a, it is evident 
that the UHS-ECC materials (M-P2.0S1.0 and M-P1.5S1.5) have the 
highest compressive strength. The properties of normal ECC are 
included in Fig. 5a for comparison. In Fig. 5b, only four reported mixes 

Fig. 6. f’cftεt/w indices of UHS-ECC and existing high-strength ECC. Compared with high-strength ECC in literature, the developed UHS-ECC (M-P2.0S1.0) shows the 
highest f’cftεt/w index. 

Fig. 7. Fiber failure modes of M-P2.0S1.0 and M-P1.5S1.5. For the steel fibers, pull-out ends can be observed. For the PE fibers, both rupture and pull-out ends can 
be observed. 
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achieved an f’cεt index over 8 MPa and a crack width below 100 μm, and 
M-P2.0S1.0 in the present study shows the highest f’cεt index (10.9 MPa) 
compared with the other three. In Fig. 5c, M-P2.0S1.0 is the only ma-
terial having an f’cftεt index over 100 MPa2 and a crack width below 100 
μm. Additionally, the f’cftεt/w index of M-P2.0S1.0 is the highest among 
all reported materials (Fig. 6). According to Figs. 5 and 6, it is concluded 
that the developed UHS-ECC (M-P2.0S1.0) shows the best overall per-
formance, as compared with other high-strength ECC materials in the 
literature. 

3.4. SEM observation for fiber failure modes 

The SEM images of the fiber failure modes of M-P2.0S1.0 and M- 
P1.5S1.5 are presented in Fig. 7. It can be observed that for both UHS- 
ECC, the PE fibers exhibited a combination of pull-out and rupture 
failure, while all steel fibers were pulled out. The dense UHS-ECC matrix 
resulted in a strong fiber/matrix bond leading to the rupture of the PE 
fibers with long embedment lengths. Compared with the PE fibers, the 
steel fibers with higher strength and diameter can sustain a larger 
rupture force, so that only pull-out failure occurred. The rupture of some 
PE fibers indicates that the fiber strength is effectively utilized in UHS- 
ECC due to improved fiber/matrix interfacial bond [23,37]. 

4. Conclusions 

In this study, ultra-high strength engineered cementitious compos-
ites (UHS-ECC) with compressive strength over 210 MPa were success-
fully developed for the first time through the hybrid use of PE fiber and 
steel fiber in combination with a dense reactive matrix. This research 
demonstrates that UHS-ECC with high tensile strain capacity in excess of 
5% and an average crack width below 80 μm is achievable. Two new 
indices (f’cftεt index and f’cftεt/w index) were proposed to evaluate the 
overall performance of strain-hardening cement-based materials. 
Compared with existing high-strength ECC materials, the developed 
UHS-ECC showed the highest compressive strength and the best overall 
performance. The SEM observation of partial PE fiber rupture suggests 
efficient use of high strength fibers in UHS-ECC. The successful devel-
opment of UHS-ECC provides a potent platform for the advancement of 
infrastructure with extreme durability and resiliency. 

Further study is being conducted to achieve a comprehensive un-
derstanding of the influence of fiber hybridization and aspect ratios on 
the mechanical properties of UHS-ECC. As fiber reinforcement can 
improve the bond between rebar and concrete [56], it is also desirable to 
investigate the bond between rebar and UHS-ECC, which is meaningful 
for practical applications. 
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