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A B S T R A C T   

It is well known that an increase in the compressive strength of cementitious composites is usually accompanied 
by a loss of tensile ductility. Designing and developing ultra-high-strength cementitious composites (e.g., ≥200 
MPa) with high tensile strain capacity (e.g., ≥3%) and excellent crack resistance (e.g., crack width ≤100 μm) 
remain challenging. In this study, a series of ultra-high-strength Engineered Cementitious Composites (UHS-ECC) 
with a compressive strength over 210 MPa, a tensile strain capacity of 3–6% (i.e., 300–600 times that of ordinary 
concrete), and a fine crack width of 67–81 μm (at the ultimate tensile strain) were achieved. Hybrid design of 
fiber reinforcement and matrix for UHS-ECC was adopted by combining the ECC and ultra-high-performance 
concrete (UHPC) design concepts, and the effect of fiber hybridization and aspect ratio on the mechanical 
behavior of UHS-ECC was comprehensively investigated. The overall performance of UHS-ECC was assessed and 
compared with the existing high-strength ECC and strain-hardening UHPC, and it was found that the currently 
designed UHS-ECC recorded the best overall performance among the existing materials. Finally, the multiple 
cracking behavior of UHS-ECC was analyzed and modeled based on a probabilistic approach to evaluate its 
critical tensile strain for durability control in practical applications. The results of this study have pushed the 
performance envelope of both ECC and UHPC materials and provided a basis for developing cementitious 
composites with simultaneously ultra-high compressive strength, ultra-high tensile ductility, and excellent crack 
resistance.   

1. Introduction 

Strength, ductility, and durability are always essential properties for 
concrete materials. Among the advanced concrete family, two types of 
cementitious materials have drawn particular attention worldwide in 
the recent two decades. The first is Engineered/Strain-Hardening 
Cementitious Composites (ECC/SHCC), a type of high-performance 
fiber-reinforced cementitious composites [1–5] designed based on 
micromechanical guidelines to realize significant strain-hardening and 
multiple-cracking behaviors under direct tension [6–8]. Generally, the 
tensile strain capacity of ECC is reported to range from 1% to 8% (i.e., 
100–800 times that of ordinary concrete) [1,9], but the compressive 
strength is usually below 80 MPa [1,10]. The crack width of ECC in 
tension can be controlled below 100 μm under service loading, which 
may be self-healed under various environmental conditions [11–15]. 

Compared with ordinary plain or fiber-reinforced concrete, ECC show 
superior mechanical properties [16–18] and durability [19–21], which 
can be used in both existing structures and new construction to improve 
the resilience and sustainability of concrete infrastructure [22–25]. The 
second emerging cementitious material that has also drawn significant 
attention is Ultra-High-Performance Concrete (UHPC), which was re-
ported to exhibit a high compressive strength of 150–250 MPa [26–31], 
high elastic modulus, and very dense microstructures. UHPC has also 
been used as an excellent material for both repair of existing concrete 
structures and new construction to improve the durability and reduce 
the self-weight [32–35]. Compared with ordinary ECC materials, UHPC 
shows a much higher strength but its tensile strain capacity is relatively 
low (typically below 1.0%) [27,29–31]. 

To achieve both high strength and high ductility of cementitious 
composites, high-strength ECC has been developed in recent years 
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[36–49], including those produced using seawater and sea-sand together 
with non-corrosive reinforcement for marine concrete structures [4,50, 
51]. The compressive strength of existing high-strength ECC ranged 
from 80 to 170 MPa. It should be pointed out that polyvinyl alcohol 
(PVA) fibers are widely used for normal-strength ECC [1,2], while 
polyethylene (PE) and steel fibers are commonly used in high-strength 
ECC [38,52] and UHPC [27,32] owing to their superior fiber strength 
and modulus. The ECC developed by Ranade [38] had a compressive 
strength of 205 MPa (the highest among the existing ECC), a tensile 
strain capacity of 4.6%, but a comparatively large crack width in tension 
(i.e., 135 μm on average at the ultimate stage). Generally, a finer crack 
width is also critical for the durability performance of cementitious 
composites, and typically a crack width below 100 μm is desirable for 
achieving self-healing behavior of ECC [11,12]. 

Recently, the authors conducted a preliminary study to develop 
ultra-high-strength ECC (UHS-ECC) using hybrid fiber reinforcement, 
and had achieved a compressive strength of 211 MPa, a tensile strain 
capacity of 5.2%, and an average crack width of 72 μm (at the ultimate 
strain) [53]. Up to now, only two studies [38,53] reported ECC with a 
compressive strength over 170 MPa. Use of fiber hybridization has 
proved to be an efficient way to improve the mechanical behavior of 
ordinary fiber-reinforced concrete, normal/high-strength ECC, and 
UHPC (e.g. Refs. [52,54–58]). However, the material performance also 
relies on the property of cementitious matrix. There is still a significant 
lack of knowledge on how to design the hybrid fiber reinforcement 
together with an optimized cementitious matrix for developing 
UHS-ECC. In addition, understanding and modeling the cracking 
behavior of UHS-ECC at different strain levels are the basis for designing 
the crack-related mechanical and durability performance of UHS-ECC. 
However, no literature has been published on these critical issues. 

In this study, a hybrid design procedure for the fiber reinforcement 
and matrix for UHS-ECC has been proposed to develop a series of UHS- 
ECC with the compressive strength over 210 MPa. The effects of fiber 
hybridization [i.e., hybrid PE and steel fibers] and aspect ratio on the 
mechanical properties of UHS-ECC were systematically investigated. 
The mechanical performance and cracking behavior of the formed UHS- 
ECC were assessed in comparison with the existing ECC and UHPC 
materials. In addition, the cracking behavior of UHS-ECC at different 
deformation levels was analyzed by digital image correlation (DIC) 
technique and simulated by a probabilistic-based approach. 

2. Hybrid design of matrix and fiber reinforcement for UHS-ECC 

In this section, the procedure for hybrid design of matrix and fiber 
reinforcement for UHS-ECC is introduced, followed by its mixing process 
and curing condition as well as the testing methods. 

2.1. Hybrid matrix design 

The matrix design of UHS-ECC was specifically formulated based on 
the material design guidelines of both ECC [1,6] and UHPC [26,59]. To 
achieve an ultra-high compressive strength and very dense microstruc-
tures, the paste materials (cement, silica fume, slag, and quartz powder) 
were selected and designed according to the cement chemistry and 
packing theory of UHPC [26,59]. Silica fume was used to remarkably 
enhance the strength and reduce the porosity of the matrix, owing to its 
fine particle size and high pozzolanic activity [60]. The silica 
fume-to-cement ratio was fixed at 0.25 as this ratio was widely used in 
UHPC with ultra-high strength [26,27]. Slag has been used in ECC ma-
terials with high tensile ductility [42]. Quartz powder was used to adjust 
the particle packing of the paste. In this study, the target cumulative 
passing of the paste was determined by the modified Andreasen and 
Andersen model [59,61]. 

P(D)= (Dq − Dq
min)

/ (
Dq

max − Dq
min

)
(1)  

where D is the particle size, P(D) is a fraction of the total particles 
smaller than D, Dmax is the maximum particle size, Dmin is the minimum 
particle size, and q is the distribution modulus. In this study, the value of 
q was fixed at 0.23 [59]. 

For UHPC, the particle size distribution of silica sand is considered in 
the particle packing optimization, so that the sand-to-binder ratio of 
UHPC matrix is around 1.0. However, according to the design guideline 
of ECC [1,6], a comparatively low sand-to-binder ratio (commonly 
0.25–0.30) is required to ensure a suitable fracture toughness of matrix 
[1,51]. Thus, for the UHS-ECC matrix, the content of silica sand was not 
considered here for the particle packing optimization, and the 
sand-to-binder ratio was set to 0.27. As fine silica sand is widely used in 
ECC materials, the silica sand with a mean particle size below 300 μm 
(Fig. 1) was used for UHS-ECC in the present study. 

Based on the afore-mentioned design principals and the target cu-
mulative passing of the paste [i.e., Eq. (1)], the mix proportion of the 
UHS-ECC matrix in Table 1 was obtained. Fig. 1 presents the particle size 
distributions of the raw materials and paste. The maximum particle sizes 
of all the paste materials (i.e., cement, silica fume, slag, and quartz 
powder) were less than 50 μm, and the SEM images of the paste mate-
rials are shown in Fig. 2. The tested cumulative passing of the final paste 
was very close to the target curve (i.e., the dashed line in Fig. 1). It 
should be pointed out that the cumulative passing of the paste between 
0.5 and 2.0 μm was slightly higher than that of the target one because 
the silica fume-to-cement ratio was fixed to 0.25. 

The raw materials and mix proportion of the designed UHS-ECC 
matrix are listed in Table 1, including cement (Type I 52.5 N Portland 
cement, BS EN 197–1:2011), silica fume (SiO2 content over 93%), slag, 
quartz powder, silica sand, water, and polycarboxylate ether super-
plasticizer (solid form). The water-to-cementitious binder ratio was 
0.158, the sand-to-binder ratio was 0.272, and the superplasticizer-to- 
binder ratio was 0.015. The chemical compositions of raw materials 
(cement, silica fume, slag, and quartz powder) are omitted here which 
were the same as used in the authors’ preliminary study [53]. 

Fig. 1. Particle size distributions of raw materials and paste. The particle size 
distribution of the paste materials (cement, silica fume, slag, and quartz pow-
der) was close to that of the target curve. 
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2.2. Hybrid fiber reinforcement design 

For strain-hardening UHPC, 2–4% (Vol.) steel fibers were generally 
used to reinforce the matrix [27,29–31]. The high modulus of steel fiber 
(compared to synthetic fibers) leads to a fine crack width of 
strain-hardening UHPC (approximately 10–30 μm). For high-strength 
ECC, 2% (Vol.) ultra-high-molecular-weight (UHMW) PE fibers were 
used [4,37,45] to realize a high tensile strain capacity and the lengths of 
PE fibers were commonly 12–18 mm. The crack widths of high-strength 
ECC at the ultimate strain were commonly 60–200 μm, which are 
significantly larger than that of strain-hardening UHPC. In this study, to 
take the advantage of both steel and PE fibers, hybrid fiber reinforce-
ment (steel and PE fibers) was used for UHS-ECC with a total fiber 
volume fraction of 3.0%. As the use of PE fibers significantly decreases 
the workability, the content of PE fibers in UHS-ECC was controlled no 
more than 2% (Vol.). To understand the effect of fiber hybridization and 
aspect ratio on the mechanical properties of UHS-ECC, a comprehensive 
experimental program was conducted to obtain an optimized hybrid 
design of fiber reinforcement for UHS-ECC. 

Table 2 lists the properties of PE and steel fibers used in UHS-ECC. 
The PE fiber had the diameter and lengths of 24 μm and 12/18 mm, 
respectively. The straight steel fiber had the diameter and lengths of 200 

μm and 13/20 mm, respectively. The aspect ratios of PE and steel fibers 
are also listed in Table 2. The photographs of the PE and steel fibers used 
are shown in Fig. 3. 

Table 3 lists the mix IDs and fiber properties (i.e., length, aspect 
ratio, and content) of UHS-ECC. It is noted that the matrices of all the 
mixes were the same (Table 1). Taking 18P2.0/20S1.0 for example, 
“18P2.0” means that the mix contained 18-mm PE fibers with 2.0% 
volume fraction, and “20S1.0” means that the mix contained 20-mm 
steel fibers with 1.0% volume fraction. The UHS-ECC in Table 3 are 
divided into two series (i.e., aspect-ratio series and fiber-hybridization 
series) and 12P2.0/13S1.0 is the common reference mix for the two 
series. It should be noted that the mixes of 12P2.0/13S1.0 and 12P1.5/ 
13S1.5 correspond to the mixes M-P2.0S1.0 and M-P1.5S1.5 in the au-
thors’ preliminary study [53], respectively. 

2.3. Mixing process and curing condition 

The following mixing process was used for UHS-ECC (1) the paste 
materials (i.e., cement, silica fume, slag, and quartz powder): and silica 
sand were dry mixed for 2–3 min; (b) the superplasticizer and water 
were added and mixed for 10–12 min; (c) the fibers were added and 
mixed for 5–6 min; and (d) the prepared mixture was cast into molds. 
The mini-slump spread diameter of the fresh UHS-ECC was measured 
according to ASTM C1437 [62]. For the aspect-ratio series, the spread 
diameters of 18P2.0/20S1.0, 18P2.0/13S1.0, 12P2.0/20S1.0, and 
12P2.0/13S1.0 were 123, 125, 128, and 129 mm, respectively. It can be 
found that the longer PE (or steel) fibers resulted in slightly lower 
flowability of the fresh UHS-ECC. For the fiber-hybridization series, the 
spread diameter increased from 129 mm (12P2.0/13S1.0) to 177 mm 
(12P0.0/13S3.0) as the content of steel fiber increased. The developed 
UHS-ECC exhibited lower flowability than normal-strength ECC 
(approximately 250–350 mm [63]) and high-strength ECC (approxi-
mately 160–180 mm [51]). So, more efforts may be needed to improve 
the workability of UHS-ECC in the future. The completed UHS-ECC 
samples were stored at 20 ◦C for 24 h, demolded, and then cured in 
90 ◦C water for 9 d [37,38]. The 90 ◦C heat curing can increase the 
pozzolanic activity of both silica fume and quartz powder and also in-
crease the average chain length of C–S–H [64]. After the heat curing, 
UHS-ECC was placed at room temperature (20–24 ◦C). According to the 
prior trial tests before this study, after 9-day heat curing, the effect of 
curing time on the mechanical properties of UHS-ECC was very limited. 
Thus, to shorten the test cycle, the mechanical properties of UHS-ECC 
were determined 12 days after casting. It should be pointed out that 
the heat-cured UHS-ECC could be used in the structural members which 
are prefabricated in the factory. In future studies, the development of 
ambient-cured UHS-ECC is critical to broaden the practical application 
of this material. 

Table 1 
Mix proportion of UHS-ECC matrix.  

UHS-ECC 
Matrix 

Cementitious Binder Quartz 
Powder 

Silica 
Sand 

Water Superplasticizer 

Cement Silica Fume Slag 

Weight ratio 1.000 0.250 0.125 0.125 0.375 0.218 0.020 
Mass (kg/m3) 1126 282 141 141 422 245 23  

Fig. 2. SEM images of the raw materials used in the cementitious paste of UHS- 
ECC (cement, quartz powder, slag, and silica fume). 

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

Fiber Diameter, df (μm) Length, lf (mm) Aspect 
Ratio, lf/df 

Strength (MPa) Modulus (GPa) Density (g/cm3) 

PE fiber 24 12, 18 500, 750 3000 100 0.97 
Steel fiber 200 13, 20 65, 100 ≥2000 210 7.8  
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2.4. Testing methods 

The compressive strength of UHS-ECC was determined using 50 mm 
× 50 mm × 50 mm cubes, according to ASTM C109/C109 M [65]. The 
tensile properties of UHS-ECC were determined using dumbbell samples 
(Fig. 4, loading rate 0.5 mm/min), according to JSCE’s recommendation 
[66]. The tensile deformation of the central part (80-mm length) was 
measured using a linear variable differential transformer. Digital image 
correlation (DIC) was used to analyze the tensile strain field and 
cracking behavior of UHS-ECC [24,67,68]. The speckle pattern for DIC 
analysis was applied on the middle part of the specimen (Fig. 4). During 
the test, digital images were captured every 3 s, and the image resolution 
was approximately 15 μm per pixel. Based on the DIC results, the widths 
of all the tensile cracks in the central part of the specimen were calcu-
lated and analyzed. After the test, the fiber failure modes on the tensile 
fracture surface of UHS-ECC were observed using SEM (Tescan VEGA3). 

3. Mechanical properties of UHS-ECC 

3.1. Compressive strength 

Fig. 5 presents the compressive strengths of the developed UHS-ECC, 
which were over 210 MPa. For the aspect-ratio series, the aspect ratios of 
PE and steel fibers had a marginal effect on the compressive strength of 
UHS-ECC. For the fiber-hybridization series, as the PE fiber content 
decreased and the steel fiber content increased, the compressive 
strength of UHS-ECC increased. This phenomenon is consistent with the 
trend for normal-strength ECC (around 35 MPa) with polyvinyl alcohol 
(PVA) and steel fibers (total volume content 2.5%) [58] and 
high-strength ECC (around 125 MPa) reinforced with PE and steel fibers 
(total volume content 2.0%) [52]. Owing to the higher modulus and load 
capacity of steel fiber, replacing PE fiber by steel fiber can improve the 
compressive strength of ECC [52]. In addition, higher PE fiber content 
may result in a higher pore volume in the matrix, which could be 
attributed to the worm effect of PE fibers that created more pores in the 
matrix [69]. It should be noted that for ECC with a compressive strength 
from 30 MPa to 90 MPa, the compressive strength of 100-mm cube is 
approximately 0.96 that of 50-mm cube [70]. For UHS-ECC, the size 

Fig. 3. Photographs of PE and steel fibers.  

Table 3 
Mix IDs of UHS-ECC.  

Mix ID PE fiber Steel fiber Note 

Length (mm) Aspect 
Ratio 

Content (Vol. %) Length (mm) Aspect 
Ratio 

Content (Vol. %) 

18P2.0/20S1.0 18 750 2.0 20 100 1.0 Aspect-Ratio Series 
18P2.0/13S1.0 18 750 2.0 13 65 1.0 Aspect-Ratio Series 
12P2.0/20S1.0 12 500 2.0 20 100 1.0 Aspect-Ratio Series 
12P2.0/13S1.0 12 500 2.0 13 65 1.0 Aspect-Ratio & Fiber-Hybridization 

Series (Common Mix) 
12P1.5/13S1.5 12 500 1.5 13 65 1.5 Fiber-Hybridization Series 
12P1.0/13S2.0 12 500 1.0 13 65 2.0 Fiber-Hybridization Series 
12P0.5/13S2.5 12 500 0.5 13 65 2.5 Fiber-Hybridization Series 
12P0.0/13S3.0 12 500 0 13 65 3.0 Fiber-Hybridization Series  

Fig. 4. Specimen for direct tension test.  
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effect of the compressive strength remains unclear and needs to be 
investigated in future study. 

3.2. Tensile performance 

The tensile stress–strain curves of UHS-ECC are presented in Fig. 6, 
and the tensile properties are summarized in Fig. 7a and Fig. 7b. In 
Fig. 6, tensile strain-hardening behavior can be observed for all the 
mixes studied. The tensile strengths of all the mixes (Fig. 7a) were close 
(ranging from 15.5 MPa to 17.7 MPa). Compared to the mixes with 13- 
mm steel fibers (18P2.0/13S1.0 and 12P2.0/13S1.0), the mixes with 
20-mm steel fibers (18P2.0/20S1.0 and 12P2.0/20S1.0) showed a 
slightly higher tensile strength (i.e., 17.7 MPa). Fig. 7b summarizes the 
tensile strain capacities of the UHS-ECC. The mixes with PE fiber content 
of 2.0% and 1.5% had a tensile strain capacity over 3%, and 18P2.0/ 
13S1.0 showed the highest tensile strain capacity of 6.3%. For the 
aspect-ratio series, the mixes with 13-mm steel fibers showed higher 
tensile ductility than those with 20-mm steel fibers. For the fiber- 
hybridization series, as the PE fiber content decreased and steel fiber 
content increased, the tensile strain capacity of UHS-ECC decreased. The 
similar trend was reported in high-strength ECC with hybrid PE and steel 
fibers [52], and it was also found that when the PE fiber content 
decreased from 1.5% to 1.0%, the tensile strain capacity of high-strength 
ECC decreased significantly. The tensile strain capacities of 
12P1.0/13S2.0 (Figs. 6f), 12P0.5/13S2.5 (Figs. 6h), and 
12P0.0/13S3.0 (Fig. 6g) were less than 1%. For the UHS-ECC with a 
steel fiber content higher than 2.0% (PE fiber lower than 1.0%), the 
crack width and number of UHS-ECC decreased (see Section 4), which 

Fig. 5. Compressive strengths of the developed UHS-ECC (all over 210 MPa). 
The compressive strength increased with increasing steel fiber content; and the 
aspect ratios of PE and steel fibers had a marginal effect on the compres-
sive strength. 

Fig. 6. Tensile stress–strain curves of UHS-ECC. Tensile strain-hardening behavior can be observed for the developed UHS-ECC, and the UHS-ECC with 2.0% PE fiber 
and 1.0% steel fiber (a–d) showed superior tensile ductility. 

B.-T. Huang et al.                                                                                                                                                                                                                               
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corresponded to the comparatively low tensile strain capacity. Actually, 
the tensile strain capacities of 12P1.0/13S2.0, 12P0.5/13S2.5, and 
12P0.0/13S3.0 were slightly higher than or close to that of UHPC. Thus, 
it may be more precise to classify these three mixes as strain-hardening 
UHPC instead of UHS-ECC. 

3.3. Fiber failure mode 

Fig. 8 presents the typical SEM images of the tensile fracture surface 
of UHS-ECC with hybrid fiber reinforcement. The fiber failure modes are 
presented in Fig. 8a. The pullout failure was observed for steel fibers, 
while both rupture and pullout failures were observed for PE fibers. The 
rupture of some amount of PE fibers indicated that the strength of PE 
fiber was effectively used in the ultra-high strength matrix. Compared to 
the PE fibers, the steel fibers had higher modulus and tensile capacity 
(Table 2), so that only the pullout failure occurred. In Fig. 8b, the trace 
of pulled-out PE and steel fibers are marked with dashed lines. In 
addition, some traces of friction can be observed on the surface of PE 
fibers (Fig. 8c), meaning that the dense matrix of UHS-ECC resulted in 
strong bond and friction between the fiber and the matrix. Conse-
quently, the strong fiber/matrix bond led to the rupture of some PE fi-
bers on the failure surface. 

4. Cracking behavior and performance assessment 

4.1. Crack patterns and DIC results 

Fig. 9 shows the crack patterns and DIC results of the UHS-ECC 
mixes. For each selected sample, the strain fields at four different 
deformation levels are presented. The first deformation level was set as 
0.20%, the last deformation level was set as the ultimate tensile strain, 
and the other two deformation levels divided the strain range between 
0.2% and the ultimate strain into thirds. In the DIC results, the cracking 
area increased with increasing tensile deformation levels, and multiple 
cracking behavior was significant for all the mixes studied. Compared to 
the UHS-ECC with a tensile strain capacity over 3% (Fig. 9a–e), the other 
mixes (Fig. 9f–h) showed lower local strain values, resulting in smaller 
local crack widths. In addition, the mixes with 2% PE fibers and 1% steel 
fibers (Fig. 9a–d) showed more saturated multiple cracking than the 
other mixes (Fig. 9e–h), and 18P2.0/13S1.0 showed the most saturated 
cracking behavior among all mixes. These observations are consistent 
with the tensile strain capacities of UHS-ECC shown in Fig. 7b. 

According to the method in Ref. [4], the crack width at the ultimate 
tensile strain was obtained based on the high-resolution digital image of 
each sample. In Table 4 and Fig. 10a, the average crack widths (w) at the 

Fig. 7. Tensile (a) strength and (b) strain capacity of UHS-ECC. UHS-ECC with 20-mm steel fibers (18P2.0/20S1.0 and 12P2.0/20S1.0) showed the highest tensile 
strength (17.7 MPa), and 18P2.0/13S1.0 showed the highest tensile strain capacity (6.3%). 

Fig. 8. Typical SEM images of the tensile fracture surface of UHS-ECC: (a) fiber failure modes, (b) traces of steel and PE fiber grooves, and (c) trace of friction- 
induced damage on PE fiber. The pullout failure was observed for steel fibers, while both rupture and pullout failures were observed for PE fibers. 
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ultimate tensile strain of all the samples are below 90 μm except for 
12P1.5/13S1.5. In addition, the mixes with steel fiber content ≥2% 
showed smaller crack widths (45–53 μm), due to the higher modulus of 
steel fibers. The standard deviation of crack widths at the ultimate 
tensile strain (sw) is also calculated and summarized in Table 4 and 
Fig. 10b, which is useful to evaluate the multiple-cracking behavior of 
UHS-ECC (i.e., the smaller sw means more stable multiple-cracking 
behavior) [4]. It can be found in Fig. 10b that the fiber aspect ratio 
and hybridization had marginal effect on the standard deviation of crack 
widths of UHS-ECC. The crack width distributions at different defor-
mation levels will be further analyzed and modeled in Section 6. 

4.2. Five-dimensional diagram for UHS-ECC performance 

A five-dimensional diagram was introduced by Huang et al. [4] to 
assess the mechanical performance (i.e., compressive strength f’c, tensile 
strain capacity εt, and tensile strength ft) and cracking behavior at the 
ultimate tensile strain (i.e., average crack width w and standard devia-
tion of crack widths sw) of strain-hardening cementitious composites. 
For the UHS-ECC mixes studied, the five-dimensional diagrams of the 
mechanical and cracking performance are shown in Fig. 11. Here 
smaller crack width (w) and crack width deviation (sw) mean better 
durability performance and more stable multiple cracking behavior. To 
get a positive correlation between the cracking parameter values and the 
cracking performance, the reciprocals of w and sw (i.e., 1/w and 1/sw) are 
used. In Fig. 11a and b, all values are normalized by the corresponding 

Fig. 9. DIC results of UHS-ECC strain fields at different deformation levels. Multiple cracking behavior can be observed for all the developed UHS-ECC.  

Table 4 
Average values of the mechanical properties of UHS-ECC.  

Material ID Compressive 
Strength, f’c (MPa) 

Tensile 
Strain Capacity, 
εt (%) 

Tensile 
Strength, ft (MPa) 

Crack 
Width, w (μm) 

Standard Deviation of Crack Widths, 
sw (μm) 

f’cftεt/w 
Index (MPa2/μm) 

18P2.0/20S1.0 213 ± 2.1 3.7 ± 0.2 17.7 ± 0.2 81 ± 4 32 ± 13 1.73 
18P2.0/13S1.0 211 ± 1.6 6.3 ± 0.7 15.5 ± 0.4 68 ± 2 26 ± 5 3.02 
12P2.0/20S1.0 212 ± 2.9 3.6 ± 0.2 17.7 ± 0.4 67 ± 10 28 ± 6 2.02 
12P2.0/13S1.0 211 ± 4.7 5.2 ± 0.8 16.1 ± 0.9 72 ± 3 27 ± 3 2.45 
12P1.5/13S1.5 213 ± 2.0 3.4 ± 0.4 15.6 ± 0.5 112 ± 10 36 ± 15 1.02 
12P1.0/13S2.0 217 ± 1.4 1.0 ± 0.2 17.4 ± 0.1 51 ± 16 26 ± 9 0.73 
12P0.5/13S2.5 227 ± 3.2 0.8 ± 0.1 16.2 ± 0.3 53 ± 7 32 ± 5 0.55 
12P0.0/13S3.0 236 ± 1.8 0.5 ± 0.1 15.7 ± 0.3 45 ± 8 31 ± 8 0.44  
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value obtained from 12P2.0/13S1.0 (i.e., the common mix for both 
series) for easy comparison. For the aspect-ratio series in Fig. 11a, the 
values of f’c, ft, 1/w, and 1/sw were close, and 18P2.0/13S1.0 showed 
the highest tensile ductility and the best overall performance. For the 
fiber-hybridization series in Fig. 11b, the mixes with a steel fiber content 
≥2% showed lower tensile ductility but higher crack resistance, and 
12P2.0/13S1.0 showed superior overall performance. In conclusion, the 
combined use of 2% PE fiber and 1% steel fiber was the best solution, 
and at such fiber volume ratios, the hybridization of 18-mm PE fiber and 
13-mm steel fiber (i.e., 18P2.0/13S1.0) showed the best overall per-
formance of UHS-ECC among all the mixes. 

5. Comparison between UHS-ECC, existing high-strength ECC, 
and UHPC 

Table 5 summarizes the mechanical properties of high-strength ECC 
in existing literature, including the compressive strength f’c, tensile 
strain capacity εt, tensile strength ft, and average crack width w at the 
ultimate tensile strain. Fig. 12 shows the compressive strength vs. tensile 

strain capacity relations of the developed UHS-ECC (Table 4) and other 
existing ECC (Table 5). It can be found that the UHS-ECC in this research 
showed higher compressive strength (i.e., 211–236 MPa) than the 
existing ECC materials in literature. In addition, UHS-ECC showed a 
similar tensile ductility (3.4–6.3%) when the PE fiber content was 1.5% 
and above, while a significantly lower tensile ductility (i.e., 0.5–1.0%) 
when the PE fiber content was 1.0% or lower. In Fig. 12, ECC materials 
are classified as normal-strength ECC (NS-ECC, < 80 MPa in compres-
sion), high-strength ECC (HS-ECC, 80–150 MPa in compression), and 
ultra-high-strength ECC (UHS-ECC, ≥150 MPa in compression). 
Compared with existing NS- and HS-ECC, the tensile strain capacity of 
UHS-ECC is relatively lower (no more than 7%). In following studies, 
efforts can be made to further improve the tensile ductility of UHS-ECC. 

The crack width deviation (i.e., sw in Fig. 11) is not listed in Table 5 
for the existing high-strength ECC, as it was not reported in most of the 
literature. Thus, only four dimensions [f’c (MPa); ft (MPa); εt; w (μm)] 
are used here to form the f’cftεt/w index (unit: MPa2/μm) [53] to 
compare the overall performance (without sw) of the present UHS-ECC 
and the existing high-strength ECC. The values of f’cftεt/w index of 

Fig. 10. Cracking behavior of UHS-ECC: (a) Average crack width at the ultimate tensile strain, and (b) standard deviation of crack widths. The mixes with steel fiber 
content ≥2% showed smaller crack widths. The fiber aspect ratio and hybridization had marginal effect on the standard deviation of crack widths. 

Fig. 11. Five-dimensional representation of mechanical and cracking performance of UHS-ECC: (a) Aspect-ratio series and (b) fiber-hybridization series. 18P2.0/ 
13S1.0 showed superior overall performance among all the developed UHS-ECC. 
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UHS-ECC and high-strength ECC are listed in Tables 4 and 5, respec-
tively. The mechanical properties and f’cftεt/w indices of four mixes of 
strain-hardening UHPC in literature are also presented in Table 5 for 
comparison. 

Fig. 13 illustrates the f’cftεt/w indices of all UHS-ECC, high-strength 
ECC, and strain-hardening UHPC in Tables 4 and 5. It can be found that 
the index values of the UHS-ECC with 2% PE fibers and 1% steel fibers 
(1.73–3.02 MPa2/μm) are significantly higher than those of the other 
UHS-ECC mixes (0.44–1.02 MPa2/μm). In the aspect-ratio series, the 
mixes with 13-mm steel fibers showed a higher index value than those 
with 20-mm steel fibers. Compared with existing high-strength ECC and 
strain-hardening UHPC, the UHS-ECC in the aspect-ratio series showed 
superior overall performance (with an index value ≥ 1.73 MPa2/μm). In 
addition, among all the mixes in Figs. 13, 18P2⋅0/13S1.0 with an index 
value of 3.02 MPa2/μm recorded the best overall performance. 

6. Modeling of crack width evolution of UHS-ECC 

6.1. Crack width distributions at different deformation levels 

In the durability design of concrete structures, the maximum crack 
width of the concrete cover is a critical parameter. For example, 

according to Chinese Standard GB/T 50,476–2019 [71], the maximum 
allowable crack width of concrete members in severe environment 
should be smaller than 0.2 mm. In addition, a crack width below 0.1 mm 
is preferred for the self-healing of ECC materials [11,12]. However, for 
cement-based composites with multiple-cracking behavior, the crack 
widths have considerable scatter [4,34]. Thus, it is desirable to analyze 
the cracking behavior of UHS-ECC based on a probabilistic-based 
approach. In the following, the evolution of the crack width distribu-
tions of the UHS-ECC at different deformation levels will be modeled and 
analyzed using the method introduced by Huang et al. [4]. 

For all the crack patterns shown in Fig. 9, the width of each crack was 
obtained by counting the pixels of the high-resolution digital images 
(approximately 15 μm per pixel). Then, the obtained crack widths at 
different deformation levels were fitted by the Weibull distributions [i. 
e., F(w) = 1–exp(–(w/λ)k)] and the fitting results are summarized in 
Table 6. Here, λ and k are the Weibull scale and shape parameters, 
respectively, w is the crack width, and rFit in Table 6 is the correlation 
coefficient of the Weibull best-fit result. In Table 6, it can be found that 
the values of rFit are close to 1, indicating that the suitability of Weibull 
distribution for modeling the crack width distributions of hybrid-fiber- 
reinforced UHS-ECC at different deformation levels. 

Table 5 
Mechanical properties of high-strength ECC and strain-hardening UHPC in literature.  

Material Material ID Compressive 
Strength, f’c (MPa) 

Tensile Strain 
Capacity, 
εt (%) 

Tensile 
Strength, ft (MPa) 

Average Crack 
Width, w (μm) 

f’cftεt/w 
Index (MPa2/μm) 

High-Strength 
ECC in Literature 

A (Kamal et al., 2008) [36] 96 2.8 10.0 61a 0.44 
B (Ranade et al., 2013) [37] 166 3.4 14.5 180 0.45 
C (Ranade 2014) [38] 205 4.6 16.1 135 1.12 
D (Curosu et al., 2017) [39] 134 3.9 7.6 68a 0.58 
E (He et al., 2017) [40] 153 2.3 15.0 71 0.74 
F (Chen et al., 2018) [41] 150 2.4 10.8 48a 0.81 
G (Yu et al., 2018) [42] 122 8.2 17.4 160a 1.08 
H (Lei et al., 2019) [43] 163 6.5 7.0 85 0.88 
I (Lu et al., 2019) [44] 132 6.4 10.4 58 1.52 
J (Zhang et al., 2019) [45] 87 7.0 10.9 69 0.95 
K (Li et al., 2020) [46] 131 11.0 12.1 138 1.26 
L (Nguyễn et al., 2020) [47] 104 5.3 8.0 83 0.53 
M (Zhang et al., 2020) [48] 109 3.8 13.0 78 0.70 
N (Huang et al., 2021) [4] 134 7.0 7.1 86 0.77 
O (Liu et al., 2021) [49] 130 9.7 13.5 288a 0.59 

Strain-Hardening 
UHPC in Literature 

P (Wille et al., 2014) [27] 250 0.41 19.6 12a 1.67 
Q (Oh et al., 2021) [29] 207 0.99 20.3 24a 1.73 
R (Kim et al., 2019) [30] 205 0.41 13.1 9a 1.22 
S (Shen et al., 2020) [31] 185 0.24 12.9 13 0.44  

a This crack width was estimated based on the data in the corresponding reference. 

Fig. 12. Compressive strength vs. tensile strain capacity relations of the developed UHS-ECC and existing ECC. The developed UHS-ECC showed higher compressive 
strength than other existing ECC materials. 
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6.2. Probabilistic modeling of crack width evolution 

For the specimens in Table 6, the best-fit Weibull scale parameter λ 
increases as the tensile strain ε of UHS-ECC increases. In Table 6, the 
linear fit (i.e., λ = Aε + B) is used to describe these λ–ε relations. Here, A 
and B are the coefficients from the linear fitting. Fig. 14 plots the λ–ε 

relations of all the mixes in Table 6, and it can be seen that the linear 
fitting results showed good agreement with the plotted λ–ε relations. 
Thus, the relation λ = Aε + B can be used in the probabilistic modeling. 
According to the suggestion in Ref. [4], for simplicity, the Weibull shape 
parameter k in the probabilistic modeling can be assumed to as a con-
stant for each group (i.e., the average value kavg). 

Fig. 13. Comparison of f’cftεt/w indices of UHS-ECC, high-strength ECC, and UHPC. The developed UHS-ECC with 2.0% PE fiber and 1.0% steel fiber (i.e., 18P2.0/ 
20S1.0, 18P2.0/13S1.0, 12P2.0/20S1.0, and 12P2.0/13S1.0) showed higher f’cftεt/w index values than existing high-strength ECC in literature. 

Table 6 
Best-Fit and model results of crack width distributions at different deformation levels.  

Specimen Strain 
ε (%) 

Best-Fit Results Model Results 

λ (μm) k rFit λ-ε relation λ (μm) k rModel 

18P2.0/20S1.0 0.20 45.3 3.03 0.866 λ = 14.1ε + 42.0 (r = 0.98) 44.8 k = kavg  

= 3.06 
0.866 

1.30 57.1 2.54 0.968 60.3 0.959 
2.40 80.9 3.24 0.974 75.9 0.949 
3.50 89.1 3.44 0.981 91.4 0.979 

18P2.0/13S1.0 0.20 43.8 3.03 0.866 λ = 4.7ε + 46.7 (r = 0.92) 47.7 k = kavg  

= 2.56 
0.859 

2.27 65.0 2.02 0.980 57.3 0.968 
4.33 63.3 2.35 0.983 66.9 0.982 
6.40 76.4 2.85 0.984 76.5 0.981 

12P2.0/20S1.0 0.20 38.4 1.69 0.940 λ = 11.9ε + 46.3 (r = 0.83) 48.7 k = kavg  

= 2.57 
0.899 

1.27 74.6 2.95 0.979 61.3 0.976 
2.33 78.2 2.96 0.982 73.9 0.978 
3.40 79.3 2.69 0.986 86.6 0.985 

12P2.0/13S1.0 0.20 46.7 1.56 0.866 λ = 7.2ε + 46.3 (r = 0.99) 47.7 k = kavg  

= 2.78 
0.668 

1.73 60.2 3.08 0.966 58.7 0.964 
3.27 69.6 3.67 0.967 69.7 0.955 
4.80 80.2 2.81 0.984 80.7 0.984 

12P1.5/13S1.5 0.20 50.2 2.29 0.999 λ = 14.8ε + 59.9 (r = 0.88) 62.8 k = kavg  

= 3.71 
0.871 

1.50 98.3 3.58 0.983 82.0 0.983 
2.80 106.8 4.39 0.982 101.2 0.975 
4.10 111.3 4.60 0.977 120.4 0.970 

12P1.0/13S2.0 0.20 45.3 3.03 0.866 λ = 27.4ε + 37.9 (r = 0.98) 43.4 k = kavg  

= 2.24 
0.844 

0.52 50.4 1.97 0.974 52.1 0.970 
0.84 58.4 1.93 0.975 60.9 0.971 
1.16 71.8 2.05 0.984 69.6 0.981 

12P0.5/13S2.5 0.20 32.5 1.46 0.996 λ = 24.7ε + 31.4 (r = 0.85) 36.3 k = kavg  

= 1.67 
0.943 

0.43 48.6 1.48 0.961 42.0 0.956 
0.67 45.9 2.10 0.954 47.9 0.944 
0.90 52.7 1.65 0.987 53.6 0.987 

12P0.0/13S3.0 0.20 33.4 1.86 0.946 λ = 20.5ε + 29.8 (r = 0.85) 33.9 k = kavg  

= 1.54 
0.937 

0.33 35.9 1.53 0.940 36.6 0.939 
0.47 42.6 1.27 0.971 39.5 0.960 
0.60 40.2 1.49 0.959 42.1 0.959  
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By introducing the equations λ = Aε + B and k = kavg into the Weibull 
distribution of crack width [i.e., F(w) = 1–exp(–(w/λ)k)], the cumulative 
distribution of crack width w at a given tensile strain ε can be expressed 
as: 

F(w)= 1 − exp
(

−
( w

Aε + B

)kavg
)

(2) 

In addition, the probability density of crack width w at a given tensile 
strain ε can be expressed as: 

f (w)=
(

kavg

Aε + B

)( w
Aε + B

)kavg − 1
exp

(

−
( w

Aε + B

)kavg
)

(3) 

It is noted that Eq. (2) and Eq. (3) can also be regarded as the cu-
mulative distribution function and probability density function of a 
Weibull distribution whose scale parameter is Aε + B and shape 
parameter is kavg. Thus, based on Eq. (2) and Eq. (3), the Weibull scale 
and shape parameters of the crack widths distribution of UHS-ECC at 
different deformation levels can be obtained, and the results are also 
listed in Table 6 (see “Model Results”) together with the correlation 
coefficients rModel. For most cases in Table 6, the values of rFit and rModel 
are very close, indicating that the model results showed good agreement 
with the best-fit results in general. Fig. 15 shows the test and model 
[form Eq. (3)] results of the probability density of crack width at 
different deformation levels. It can be found that with increasing tensile 
deformation levels, the average crack width increased and the variation 
of the crack widths became larger. In general, the model results coin-
cided with the test results well, indicating that Eq. (3) can be applied to 
describe the evolution of crack width distributions of the designed UHS- 

ECC. 
Based on Eq. (2), the tensile strain ε for a given crack width limit w 

and cumulative probability F(w) can be calculated as follows. 

ε= w/A

( − ln(1 − F(w)))1/kavg
−

B
A

(4) 

For comparison, the results of Eq. (4) with the cumulative proba-
bilities of 1%, 50%, and 99% (i.e., w1%, w50%, and w99%) are also plotted 
in Fig. 15. It can be seen that most of the crack widths locate between the 
lines of w1% and w99%, indicating the effectiveness of the model. 

As mentioned in the beginning of this section, the maximum crack 
width is a critical parameter for both the durability design of concrete 
structures and the self-healing of ECC materials. In Fig. 15, w99% could 
be regarded as the model results of the maximum crack widths at 
different deformation levels, as the cumulative probability of 99% is 
already a very high value. Thus, based on the result of w99%, the critical 
tensile strain of the UHS-ECC with the maximum crack width ≤100 μm 
(the crack width limit for excellent self-healing of ECC [11]) can be 
calculated (see ε100μm in Fig. 15). It can be found that the UHS-ECC with 
2% PE fibers and 1% steel fibers showed higher critical tensile strain 
(ε100μm = 0.76–1.81%) than the other UHS-ECC mixes (ε100μm =

0.35–0.46%). In addition, for this crack width limit (100 μm), the crit-
ical tensile strain of 18P2.0/13S1.0 was the highest (ε100μm = 1.81%). 
This finding is consistent with the results in Figs. 11 and 13 that 
18P2.0/13S1.0 recorded the best overall performance among the 
developed UHS-ECC. According to Chinese Standard GB/T 50,476–2019 
[71], the maximum allowable crack width of concrete members in se-
vere environment is 0.2 mm. For the UHS-ECC in Fig. 15, all the mixes 

Fig. 14. The Weibull scale parameters of crack width distributions at different deformation levels. The results of linear fit showed good agreement with the measured 
λ–ε relation. 
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had the maximum crack width well below 200 μm even at the ultimate 
tensile strain, indicating that the developed UHS-ECC can be applied in 
the concrete structures for improved durability and resilience. 

7. Conclusions 

In this study, a series of ultra-high-strength Engineered Cementitious 
Composites (UHS-ECC) with a compressive strength over 210 MPa have 
been developed based on the hybrid design of fiber reinforcement and 
matrix. The effects of fiber hybridization and aspect ratio on the me-
chanical properties and cracking behavior of UHS-ECC have been 
comprehensively investigated and analyzed. Based on the results of this 
study, the following conclusions can be drawn.  

● A hybrid design concept has been proposed for UHS-ECC based on 
the combination of the packing theory of UHPC and the 

micromechanical principle of ECC, by which UHS-ECC with a 
compressive strength over 210 MPa, a tensile ductility of 3–6%, and 
a crack width of 67–81 μm (at the ultimate tensile strain) were 
achieved by the combined use of 2% polyethylene (PE) fibers and 1% 
steel fibers.  

● For the designed UHS-ECC, the compressive strength increased with 
increasing the steel fiber content while the aspect ratios of PE and 
steel fibers had almost no effect on the compressive strength. The 
tensile strain capacity of UHS-ECC decreased with increasing the 
steel fiber content and decreasing PE fiber content given the same 
total fiber volumetric ratio. The crack width of the mixes with steel 
fiber content ≥2% showed smaller crack widths (45–53 μm at the 
ultimate tensile strain).  

● The developed UHS-ECC showed the highest compressive strength 
among the existing ECC materials. Considering the mechanical 
properties and cracking behavior together, the combined use of 18- 

Fig. 15. The model results of the crack width distributions of UHS-ECC at different deformation levels showed good agreement with test results. For the crack width 
limit of 100 μm with a cumulative probability of 99% (i.e., w99% = 100 μm), 18P2.0/13S1.0 showed the highest critical tensile strains (ε100μm = 1.81%). 
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mm PE fiber (2%) and 13-mm steel fiber (1%) led to the best overall 
performance of UHS-ECC, which exhibited higher f’cftεt/w index 
values (1.73–3.02 MPa2/μm) than both high-strength ECC and 
strain-hardening UHPC.  

● According to the probabilistic modeling, the critical tensile strain 
(defined as the maximum tensile deformation level with the 
maximum crack width ≤100 μm) of the UHS-ECC (with 2% PE fibers 
and 1% steel fibers) for the given crack width limit of 100 μm and the 
cumulative probability of 99% varied between 0.76% and 1.81%, 
which is significantly larger than the value of the other mixes (i.e, 
0.35–0.46%). In addition, all the mixes showed the maximum crack 
width below 200 μm at the ultimate tensile strain. 
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