
Cement and Concrete Research 140 (2021) 106292

Available online 17 November 2020
0008-8846/© 2020 Elsevier Ltd. All rights reserved.

Seawater sea-sand engineered/strain-hardening cementitious composites 
(ECC/SHCC): Assessment and modeling of crack characteristics 

Bo-Tao Huang a, Jia-Qi Wu b, Jing Yu c,d,*, Jian-Guo Dai a,*, Christopher K.Y. Leung b, 
Victor C. Li e 

a Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China 
b Department of Civil and Environmental Engineering, The Hong Kong University of Science and Technology, Hong Kong, China 
c School of Civil Engineering, Sun Yat-Sen University, Guangzhou 510275, China 
d Southern Marine Science and Engineering Guangdong Laboratory, Zhuhai 519082, PR China 
e Department of Civil and Environmental Engineering, University of Michigan, Ann Arbor, USA   

A R T I C L E  I N F O   

Keywords: 
Engineered cementitious composite (ECC) 
Strain-hardening cementitious composite 
(SHCC) 
Seawater 
Sea-sand 
Non-corrosive reinforcement 
Crack characteristics 
Crack assessment 
Probabilistic modeling 

A B S T R A C T   

Seawater sea-sand Engineered Cementitious Composites (SS-ECC) is a new version of ECC for marine con-
structions facing the scarcity of freshwater and river/manufactured sand. This study aims to assess and model the 
crack characteristics of SS-ECC, which are critical for its applications with non-corrosive reinforcements. The 
influence of sea-sand size, fiber length and fiber dosage on the crack characteristics of SS-ECC was explored. A 
five-dimensional representation was proposed to assess the overall performance of SS-ECC, by comprehensively 
considering both the crack characteristics (i.e., crack width and its variation) and the mechanical properties (i.e., 
compressive and tensile properties). A probabilistic model was also proposed to describe the stochastic nature 
and evolution of crack width, and it can be used to estimate the critical tensile strain on SS-ECC for a given crack- 
width limit and cumulative probability. The findings and proposed methods can facilitate the design of SS-ECC in 
marine and coastal structures.   

1. Introduction 

Engineered Cementitious Composite (ECC) is a family of 
micromechanically-designed fiber-reinforced cementitious composite 
featuring tensile strain-hardening and multiple-cracking behaviors 
[1–4]. ECC is also known as Strain-Hardening Cementitious Composite 
(SHCC) [5–7] or Ultra-High Toughness Cementitious Composite 
(UHTCC) [8–10] in the literature. Compared to conventional (fiber- 
reinforced) concrete, ECC shows significantly higher ductility under 
monotonic [11–13], cyclic [14,15], fatigue [16,17] and impact [18,19] 
loadings. In addition, special construction technologies for ECC (e.g., 
sprayable ECC [20,21], stay-in-place ECC formwork [22,23] and 3D- 
printed ECC [24,25]) have been developed for practical applications. 
ECC is attractive in the construction industry for achieving a safer, more 
durable, and more sustainable built environment. 

Recently, the combined use of seawater sea-sand concrete and non- 
corrosive reinforcements (e.g., Fiber-Reinforced Polymer (FRP) re-
inforcements [26–28], stainless steel reinforcements [29–31], and steel- 

FRP composite reinforcements [32,33]) in marine and costal structures 
has attracted increasing attention from researchers. In marine and costal 
concrete structures facing typhoon/hurricane, earthquake, and tsunami 
etc., structural components have to sustain complex loadings, such as 
monotonic, cyclic, fatigue, and impact loadings. For such concrete 
structures, using of ECC to replace/strengthen traditional concrete in 
some key components (e.g., beam-column joins [34,35]) and using ECC 
in functionally-graded components [36,37] can effectively enhance the 
mechanical performance of structures. In addition, owing to the tensile 
strain-hardening and multiple-cracking behaviors of ECC, replacing 
conventional quasi-brittle concrete by ductile ECC in FRP-reinforced 
components can improve the deformation compatibility between FRP 
and concrete, and lower the crack-induced FRP/concrete interfacial 
shear stress that can lead to bond splitting and cover spalling [38,39]. 
Therefore, the combined use of seawater sea-sand ECC (SS-ECC here-
after) and non-corrosive reinforcement such as FRP is a promising 
approach to fabricate sustainable, durable and resilient structural 
components for marine and costal applications. Specifically, the authors 
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have recently developed high-strength SS-ECC with compressive 
strength over 130 MPa, tensile strength over 8 MPa and tensile strain 
capacity about 5% [40,41]. 

The crack characteristics of SS-ECC is crucial for its applications in 
the marine and costal environment, as the crack width and distribution 
can affect the interaction between SS-ECC and FRP reinforcements [40] 
as well as the self-healing behavior [42–45] and water permeability 
[46–49]. Although the aforementioned studies have investigated the 
crack characteristics of freshwater-mixed ECC, no information is avail-
able in the literature on assessing the crack characteristics and modeling 
of crack width evolution (with increasing tensile strain) for SS-ECC. 
Additionally, it is widely known that the crack widths of ECC show a 
considerable level of scatter so that a probabilistic approach may be 
suitable to describe the stochastic crack width distribution. Specifically, 
several studies reported that the log-normal distribution can satisfac-
torily characterize the crack width distribution for conventional ECC 
[44–50]. On the other hand, the Weibull distribution has been widely 
adopted to characterize the flaw size distribution of concrete material 
[51–53] and some static and fatigue parameters of ECC [9,10,54]. In this 
study, a comparison is made between Weibull and log-normal distri-
butions in characterizing the stochastic nature of cracks in SS-ECC. An 
accurate distribution function of crack widths can serve as a foundation 
of probabilistic treatment of crack-related mechanical and durability 
performance of SS-ECC. 

The aforementioned knowledge gaps hinder the reliable design and 
wide applications of SS-ECC. This study focuses on the assessment of 
crack characteristics and modeling of crack width evolution in SS-ECC 
with the following objectives. First, the effects of ingredients, 
including sea-sand size, fiber length and fiber dosage, on the crack 
characteristics of SS-ECC were systematically explored. Micromechanics 
and scanning electron microscopy analysis were applied to interpret the 
experimental findings. Second, a five-dimensional representation to 
assess the overall performance of SS-ECC was proposed. This represen-
tation comprehensively considered the mechanical performance (i.e., 
compressive strength, tensile strength, and tensile strain capacity) and 
crack characteristics (i.e., crack width and its variation). Third, a 
probabilistic model to describe the stochastic nature and evolution of 
crack width with increasing tensile strain for SS-ECC was developed. The 
applicability of the proposed model was also validated. 

2. Experimental scheme 

2.1. Mix proportions 

Table 1 shows the three series of mixes prepared for this study. To 
evaluate the effects of key composition parameters on the crack char-
acteristics, three maximum particle sizes of sea-sand (1.18 mm, 2.36 mm 

and 4.75 mm), three fiber lengths (6 mm, 12 mm, and 18 mm), and three 
fiber volume dosages (1%, 1.5% and 2.0% for 12-mm fiber) were 
considered (Table 1). In the mix IDs, taking L12-V2.0-S1 for example, 
“L12” refers to the fiber length (12 mm), “V2.0” refers to the fiber vol-
ume dosage (2.0%) and “S1” refers to the maximum particle size of sea- 
sand (1.18 mm). Specifically, the L12-V2.0-S1 was the common group 
for the sand-size, fiber-dosage, and fiber-length series. 

Table 2 lists the nominal properties of ultra-high-molecular-weight 
polyethylene (PE) fibers. Table 3 lists the particle size distribution of 
natural sea-sand, and over 77% of the particles are coarser than 1.18 
mm. Although fine sand is preferred for making ECC according to its 
design theory [3,55], the sand-size series in Table 1 were designed to 
improve the utilization ratio of the obtained sea-sand. More information 
on the ingredients used in this study can be found in Huang et al. [41]. 

2.2. Testing methods 

2.2.1. Mechanical properties 
The 28-day compressive strength was determined from 50-mm cubic 

samples under a loading rate of 0.6 MPa/s [56]. The 28-day tensile 
performance was measured per the JSCE’s recommendation [57] with 
dumbbell samples (Fig. 1) under a loading rate of 0.5 mm/min. The 
fracture toughness of matrix was determined from three-point bending 
with pre-notched beams (160 mm × 40 mm × 40 mm with a 20-mm- 
depth notch). The fiber/matrix frictional bond strength was obtained 
from the single fiber test, with the specimen shown in Fig. 2 and a 
loading rate of 0.2 mm/min. The results of matrix fracture toughness 
and single fiber test will be used in the micromechanical modeling in 
Section 4.4. 

2.2.2. Crack characteristics analysis 
Of particular interest is the crack characteristics of SS-ECC with 

increasing tensile strain. A 24.2-megapixel camera (Canon EOS 6D mark 
ii) was used to take photos every 10 s within the gauge length (Fig. 1) 
during tension, and the photos were correlated to the actual tensile 
strain value via the time record. A resolution of about 15 μm per pixel 
was achieved in this study. Adobe Photoshop was then used to analyze 
the crack widths along the central line of the specimen at various strain 
levels [5,58]. 

Table 1 
Mix proportions of SS-ECC (weight ratio).  

Series Mix ID Binder Seawaterc Sea-sand Super-plasticizersd PE fiber 

Cement a Silica fumeb ≤1.18 mm ≤2.36 mm ≤4.75 mm Length 
(mm) 

Volume 
(%) 

Sand-size L12-V2.0-S1  0.8  0.2  0.18 0.3 / /  0.0135  12  2.0 
L12-V2.0-S2  0.8  0.2  0.18 / 0.3 /  0.0135  12  2.0 
L12-V2.0-S4  0.8  0.2  0.18 / / 0.3  0.0135  12  2.0 

Fiber-dosage L12-V1.0-S1  0.8  0.2  0.18 0.3 / /  0.0135  12  1.0 
L12-V1.5-S1  0.8  0.2  0.18 0.3 / /  0.0135  12  1.5 
L12-V2.0-S1  0.8  0.2  0.18 0.3 / /  0.0135  12  2.0 

Fiber-length L06-V2.0-S1  0.8  0.2  0.18 0.3 / /  0.0135  6  2.0 
L12-V2.0-S1  0.8  0.2  0.18 0.3 / /  0.0135  12  2.0 
L18-V2.0-S1  0.8  0.2  0.18 0.3 / /  0.0135  18  2.0  

a Type I 52.5 N Portland cement (BS EN 197–1:2011); 
b Class I silica fume with >92% silica dioxide by mass (BS EN 13263–1:2005); 
c As suggested in [27], the seawater was prepared by mixing freshwater and commercial sea-salt (36 g/L); 
d Polycarboxylate ether super-plasticizers (solid content). 

Table 2 
Nominal properties of polyethylene (PE) fibers.  

Length 
(mm) 

Diameter 
(μm) 

Tensile strength 
(MPa) 

Elastic modulus 
(GPa) 

Density (g/ 
cm3) 

6, 12, 18 24 3000 120 0.97  
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Table 3 
Particle size distribution of natural sea-sand.  

Particle size (μm) 2360–4750 1180–2360 600–1180 300–600 150–300 75–150 <75 Total 

Weight ratio (%) 16.13 61.20 13.83 8.42 0.39 0.01 0.01 100.00  

Fig. 1. Dumbbell specimen for direct tension test as recommended by the JSCE [57].  

Fig. 2. Fabrication of samples for single fiber pull-out test.  

Fig. 3. Summery of compressive strength and tensile properties of SS-ECC.  
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2.2.3. Fiber status after tension 
To investigate the failure modes and surface morphologies of PE fi-

bers in SS-ECC, small pieces of samples were collected from the fracture 
surface of the tensile specimen after testing, and then characterized by 
the scanning electron microscopy (SEM, JEOL-6390). 

3. Compressive strength and tensile properties 

Fig. 3 summarizes the compressive strength and tensile properties of 
SS-ECC, while Fig. 4 presents the tensile stress-strain curves. The me-
chanical properties are briefly summarized in this paper, and a more 
detailed discussion of the mechanical performance of SS-ECC can be 
found in a former work of the authors [41]. 

All the SS-ECC achieved 28-day compressive strength over 130 MPa. 
A larger sand size led to slightly lower compressive strength, while the 
fiber dosage and length had no obvious effect on the compressive 
strength. For the tensile performance, an increased fiber dosage from 
1.0 vol% to 2.0 vol% generally led to increased tensile strength and 

tensile strain capacity, which is consistent with the design theory of ECC 
[3]. On the other hand, a longer fiber length had no obvious effect on the 
tensile strength, but led to a significant increase in the tensile strain 
capacity, from 2.5% for 6-mm fiber to over 7% for 18-mm fiber. 

In the following sections, the crack characteristics of the represen-
tative tensile curves (the red ones in Fig. 4) are analyzed and evaluated 
based on probabilistic approaches and microscale investigations. It 
should be pointed out that the representative curve in Fig. 4 is the curve 
closest to the average tensile performance of that specific group. 

4. Crack characteristics and assessment 

4.1. Crack characteristics at different tensile strain levels from experiment 

The crack characteristics of SS-ECC at five tensile strain levels were 
investigated (from A to E). For each selected sample in Fig. 4, the strain 
level A is set as 0.20% reflecting the strain under the serviceability stage; 
the strain level E is the ultimate tensile strain reflecting the softening 

Fig. 4. Tensile stress-strain curves of SS-ECC. All mixes exhibit multiple-cracking and tensile strain-hardening performance.  

Fig. 5. Crack characteristics of SS-ECC (L12-V2.0-S1 as an example) at different tensile strain levels. The crack number increases as the tensile strain increases.  
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Table 4 
Crack numbers and distribution parameters for the selected samples.  

Specimen 
ID 

Strain 
(%) 

Number of cracks Weibull distribution Log-normal distribution 

0–15 
μm 

15–30 
μm 

30–45 
μm 

45–60 
μm 

60–75 
μm 

75–90 
μm 

90–105 
μm 

105–120 
μm 

>120 
μm 

λ k rW μ σ rL 

L12-V2.0- 
S1 

A: 
0.20  

1  2  2  0  0  0  0  0 0  39.1  2.09  0.943  3.46  0.587  0.930 

B: 
1.56  

3  7  8  7  0  0  0  0 0  47.9  2.55  0.959  3.70  0.452  0.952 

C: 
2.92  

4  7  9  9  4  2  0  0 0  55.8  2.31  0.977  3.84  0.500  0.970 

D: 
4.28  

2  7  11  8  7  4  1  0 0  62.6  2.42  0.980  3.96  0.471  0.977 

E: 5.64  2  10  8  15  7  3  0  2 1 (150 
μm)  

63.7  2.49  0.975  3.98  0.486  0.970 

L12–V2.0- 
S2 

A: 
0.20  

1  2  1  0  0  0  0  0 0  35.8  1.86  0.946  3.35  0.663  0.935 

B: 
1.45  

2  4  4  4  0  0  0  0 0  47.5  2.27  0.963  3.67  0.509  0.954 

C: 
2.70  

3  7  6  8  2  0  0  0 0  51.6  2.31  0.967  3.75  0.505  0.960 

D: 
3.95  

3  7  8  7  5  1  2  0 0  58.8  2.17  0.981  3.88  0.530  0.977 

E: 5.20  3  4  13  17  7  2  2  2 0  64.1  3.04  0.967  4.02  0.378  0.966 
L12–V2.0- 

S4 
A: 
0.20  

1  2  1  1  0  0  0  0 0  42.8  1.69  0.974  3.51  0.692  0.968 

B: 
1.38  

2  7  4  5  1  0  0  0 0  63.6  3.01  0.960  4.01  0.377  0.960 

C: 
2.55  

2  3  9  10  4  1  2  0 0  61.8  2.94  0.967  3.98  0.388  0.965 

D: 
3.73  

1  1  4  13  6  5  0  3 1 (165 
μm); 1 
(195 
μm)  

77.8  3.07  0.961  4.22  0.371  0.966 

E: 4.90  0  1  6  14  8  6  6  3 1 (180 
μm); 1 
(270 
μm)  

84.7  2.90  0.975  4.29  0.389  0.979 

L12–V1.0- 
S1 

A: 
0.20  

0  1  0  1  1  0  0  0 0  67.0  1.72  0.972  3.96  0.739  0.959 

B: 
0.66  

0  0  0  0  0  1  1  0 1 (165 
μm); 1 
(180 
μm)  

156.9  2.25  0.961  4.86  0.518  0.961 

C: 
1.12  

0  0  0  0  1  0  0  0 1 (135 
μm); 1 
(165 
μm); 
2 (240 
μm); 1 
(270 
μm)  

211.0  1.79  0.988  5.11  0.666  0.980 

D: 
1.58  

0  0  0  1  0  0  0  1 1 (165 
μm); 1 
(210 
μm); 
1 (300 
μm)  

231.7  1.59  0.984  5.18  0.748  0.974 

E: 2.04  0  0  0  0  1  0  0  0 1 (150 
μm); 1 
(165 
μm); 
1 (180 
μm); 1 
(240 
μm); 
1 (345 
μm); 1 
(375 
μm)  

255.8  1.68  0.979  5.30  0.657  0.979 

L12–V1.5- 
S1 

A: 
0.20  

2  2  1  1  0  0  0  0 0  38.5  1.50  0.971  3.36  0.779  0.968 

B: 
1.38  

2  2  5  5  2  2  0  1 0  63.5  2.25  0.978  3.97  0.496  0.974 

C: 
2.55  

1  2  4  7  5  1  6  0 0  77.4  2.52  0.978  4.18  0.439  0.976  

1  2  3  6  5  5  2  3  98.2  2.14  0.991  4.39  0.522  0.991 

(continued on next page) 
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point as per the JSCE’s recommendation [57]; and the strain levels B, C, 
and D divide the strain range between A and E into quarters. An example 
for the five strain levels for the selected sample of L12-V2.0-S1 is shown 
in Fig. 5. 

For each selected sample, the crack width and number at different 
strain levels (from A to E) were obtained from the digital photos, and the 
results are summarized in Table 4. It should be noted that the step of the 
crack-width groups was set to be 15 μm, due to the restriction of the 
resolution of photos (i.e., 15 μm per pixel). The cracks with width above 
120 μm are listed together in one column. Taking “1 (150 μm)” at point E 
of L12-V2.0-S1 for example, “1” means the number of crack and “150 
μm” means the crack width. 

4.2. Comparison of Weibull and log-normal distributions for crack width 

In Table 4, it can be found that the crack widths of SS-ECC have 
considerable scatter at a given tensile strain level. In the following, the 

crack width distributions of SS-ECC are fitted by both log-normal and 
Weibull distributions, and the accuracies of the two distributions are 
compared. 

For the log-normal distribution, the probability density function 
(PDF) and cumulative distribution function (CDF) can be expressed as 
Eq. (1) and Eq. (2), respectively. 

fL(w) =
1

wσ
̅̅̅̅̅
2π

√ exp

(

−
(lnw − μ)2

2σ2

)

(1)  

FL(w) =
1
2
+

1
2
erf
(

lnw − μ
̅̅̅
2

√
σ

)

(2)  

where w is the crack width (variable); σ and μ are the mean value and 
standard deviation of the variable’s natural logarithm, respectively; and 
fL(w) and FL(w) are the Log-normal PDF and CDF, respectively. 

For the Weibull distribution, the PDF and CDF can be expressed as 

Table 4 (continued ) 

Specimen 
ID 

Strain 
(%) 

Number of cracks Weibull distribution Log-normal distribution 

0–15 
μm 

15–30 
μm 

30–45 
μm 

45–60 
μm 

60–75 
μm 

75–90 
μm 

90–105 
μm 

105–120 
μm 

>120 
μm 

λ k rW μ σ rL 

D: 
3.73 

3 (135 
μm); 2 
(165 
μm); 
1 (180 
μm) 

E: 4.90  0  1  3  4  6  3  7  3 1 (135 
μm); 2 
(150 
μm); 
2 (165 
μm); 1 
(180 
μm)  

107.0  2.55  0.989  4.51  0.451  0.988 

L06–V2.0- 
S1 

A: 
0.20  

0  1  2  0  0  0  0  0 0  45.3  3.03  0.866  3.68  0.408  0.866 

B: 
0.98  

1  4  4  5  1  0  0  0 0  53.0  2.56  0.962  3.80  0.461  0.956 

C: 
1.75  

1  8  9  6  1  0  0  0 0  49.3  2.88  0.953  3.75  0.405  0.950 

D: 
2.53  

1  3  13  7  3  2  1  0 0  58.9  3.01  0.947  3.94  0.371  0.950 

E: 3.30  2  8  8  3  6  3  3  0 1 (240 
μm)  

66.0  1.85  0.981  3.95  0.618  0.981 

L18–V2.0- 
S1 

A: 
0.20  

0  2  1  0  0  0  0  0 0  39.8  2.67  0.866  3.53  0.408  0.866 

B: 
2.13  

1  5  7  5  3  1  0  0 0  56.2  2.57  0.971  3.86  0.455  0.969 

C: 
4.05  

1  3  7  4  8  3  4  1 1 (135 
μm); 1 
(150 
μm); 
1 (165 
μm)  

82.7  2.21  0.986  4.22  0.526  0.985 

D: 
5.98  

1  3  8  7  9  4  2  2 1 (150 
μm); 1 
(165 
μm); 
1 (180 
μm); 1 
(255 
μm)  

80.6  2.37  0.982  4.21  0.497  0.985 

E: 7.90  1  3  6  5  6  7  0  5 4 (135 
μm); 1 
(165 
μm); 
1 (180 
μm); 1 
(300 
μm); 
1 (315 
μm)  

97.0  1.97  0.989  4.36  0.586  0.990  
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Eq. (3) and Eq. (4), respectively. 

fW(w) =
(

k
λ

)(w
λ

)k− 1
exp
(

−
(w

λ

)k
)

(3)  

FW(w) = 1 − exp
(

−
(w

λ

)k
)

(4)  

where w is the crack width (variable); λ and k are the scale and shape 
parameters, respectively; and fw(w) and Fw(w) are the Weibull PDF and 
CDF, respectively. 

For the crack widths summarized in Table 4, the CDFs of Weibull and 
log-normal distributions were used to fit the crack width distributions at 
all strain levels. The fitted distribution parameters and corresponding 
correlation coefficients (rW for Weibull and rL for log-normal) are also 
listed in Table 4. A value of unity represents perfect fitting. The results 
showed that both rW and rL ranged from 0.866 to 0.991, which indicates 
that both Weibull and log-normal distributions can be used to describe 
the crack width distribution at various strain levels for SS-ECC. In Fig. 6, 
rW and rL are plotted together for comparison and an equality line is also 
presented as reference. It can be seen that rW was greater than or equal to 
rL in most of the cases, while rW was smaller than rL only in 5 cases (out 
of 35). Additionally, even in the cases showing rW < rL, the values of rW 
and rL were still very close. 

Based on the above observations, it can be concluded that the Wei-
bull distribution is more suitable than the log-normal one for fitting the 
crack width distributions of SS-ECC, at least for the materials studied. 
Therefore, the Weibull distribution is selected for further discussion in 
later sections. 

Fig. 6. The correlation coefficient of Weibull distribution rW is greater than or 
equal to that of log-normal distribution rL in most of the cases, while rW is 
smaller than rL only in 5 cases (out of 35). 

Fig. 7. (a) Mean values wmean and (b) standard variances sw of crack widths at different tensile strain levels. The values of wmean and sw increase as the tensile strain 
increases. Larger sand size and lower fiber dosage result in larger crack widths under the same tensile strain. Fiber length has no obvious effect under the same tensile 
strain below 2%. 
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4.3. Analysis of crack characteristics based on the Weibull distribution 

For the Weibull distribution of crack width, the mean value (wmean) 
and standard variance (sw) of crack width are expressed as follows: 

wmean = λΓ(1+ 1/k) (5)  

sw = λ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Γ(1 + 2/k) − (Γ(1 + 1/k) )2
√

(6) 

On the basis of Eq. (5) and Eq. (6), the mean values (wmean) and 
standard variances (sw) of crack widths at different tensile strain levels 
were calculated and plotted in Fig. 7a and Fig. 7b, respectively. The 
wmean and sw of different SS-ECC under the same tensile strain value can 
then be compared. 

In general, the values of wmean and sw increased as the tensile strain 
increased. For the sand-size series, the wmean and sw of L12-V2.0-S1 and 
L12-V2.0-S2 were close to each other, while those of L12-V2.0-S4 were 
the largest. The maximum sand particle size of L12-V2.0-S4 (4.75 mm) 
was more than 1/3 of the thickness of the tensile specimen (13 mm). The 
large-size sand affected the uniform distribution of PE fibers, resulting in 
larger crack width of L12-V2.0-S4 in the sand-size series. For the fiber- 
dosage series, the wmean and sw decreased with the increase in fiber 
dosage, because of the expected increase in the fiber-bridging stress 
resisting the crack opening. For the fiber-length series, the wmean and sw 
of the three groups were very close to each other at the strain level below 
2%, but their values for L18-V2.0-S1 are larger than those of L06-V2.0- 

Fig. 8. Crack width distributions of SS-ECC at the ultimate stage (strain level E). Larger sand size, lower fiber dosage and larger fiber length (likely due to fiber 
rupture) result in larger crack widths at the ultimate stage. 

Table 5 
Inputs for micromechanical modeling of L12-V2.0-S1 and L18-V2.0-S1.  

Micromechanical parameters Values 

Fiber parameters Fiber length, Lf (mm) 12 or 18 
Fiber diameter, df (μm) 24 
Fiber elastic modulus, Ef (GPa) 120a 

Fiber strength, σfu (MPa) 3000a 

Interface parameters 

Interfacial chemical bond, Gd (J/m2) 0b 

Interfacial frictional bond, τ0 (MPa) 1.68c 

Frictional bond reduction factor, γ 0.67d 

Slip-hardening coefficient, β 0.003c 

Snubbing coefficient, f 0.59e 

Fiber strength reduction factor, f’ 0.33d 

Cook-Gordon effect parameter, α 360f 

Matrix parameters 

Elastic modulus, Em (MPa) 37c 

Fracture toughness, Km (MPa⋅m1/2) 0.611c 

Cracking strength, σfc (MPa) 4.2c 

Matrix-spalling parameter, k 200g  

a Nominal properties from the fiber supplier (Table 2). 
b The chemical bond was assumed to be zero for PE fibers with hydrophobic 

surface. 
c Test results in this study; 
d These values were assumed according to Ref. [61]; 
e This value was assumed according to Ref. [62]; 
f α = 15df as suggested in Ref. [63]; 
g This value was estimated according to the experimental observation on the 

size of spalling matrix and an empirical equation in Ref. [61]. 

Fig. 9. Results of micromechanical modeling [41]: (a) fiber-bridging stress vs. crack opening, (b) fiber status of L12-V2.0-S1, and (c) fiber status of L18-V2.0-S1. The 
fiber-bridging stress is higher in SS-ECC with longer fibers at the same crack opening. A significant fraction of ruptured fibers can be found in the 18-mm case when 
the crack opening is larger than 150 μm, while almost no fiber rupture is found in the 12-mm case. 
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S1 and L12-V2.0-S1 at higher strain values. With longer embedment 
length, the fibers in L18-V2.0-S1 are more likely to rupture at a larger 
crack opening during the tensile strain-hardening process. This phe-
nomenon is further analyzed based on micromechanical modeling and 
SEM observation in the next section. 

Specifically, the crack width distributions (both PDF and CDF) of SS- 
ECC at the ultimate stage (strain level E) are presented in Fig. 8. The 
results were similar to those presented in Fig. 7: larger sand size, lower 
fiber dosage and larger fiber length (likely due to fiber rupture) resulted 
in larger crack widths at the ultimate stage. 

4.4. Micromechanical and SEM analysis on fiber status 

To theoretically investigate the fiber status in SS-ECC, the micro-
mechanical analysis was carried out for L12-V2.0-S1 and L18-V2.0-S1 
using an updated model reported in Yang et al. [61]. Table 5 presents 
the matrix, fiber, and interface parameters used in the modeling, while 
more details on these parameters can be found in Yang et al. [61]. It 
should be noted that a random two-dimensional fiber distribution was 
assumed, because the SS-ECC was cast into a 13-mm thick mold in two 
equal layers and the fiber length (12 mm) was larger than the thickness 
of each layer. The modeled results are shown in Fig. 9, including the 

fiber-bridging stress vs. crack-opening relationship (Fig. 9a) and the 
fiber statuses (Fig. 9b–c). For the fiber status, “Rupture” means the 
carried stress exceeds the fiber strength; “Debond-Debond” means both 
sides of the fiber are undergoing debonding; “Debond-Pullout” means 
the short side of the fiber is being pull-out and the long side is under-
going debonding; and “Pulled out” means the short side of fiber is 
completely pulled out from the matrix. 

As shown in Fig. 9a, the fiber-bridging stress is higher in SS-ECC with 
longer fibers at the same crack opening. With increasing fiber length, the 
average embedded length of fibers in the matrix increases, and it leads to 
a larger interfacial frictional force acting on the fiber. The higher 
interfacial frictional force on the 18-mm fibers results in a higher per-
centage of ruptured fibers when the crack opening is large enough 
(Fig. 9c). The fiber rupture led to lower crack-bridging capacity and 
larger crack width in L18-V2.0-S1 after a certain crack opening (as well 
as a certain strain level), which is consistent with the observations in 
Figs. 7 and 8. 

The fiber status at the final failure crack under tension was experi-
mentally verified by the SEM analysis (Fig. 10). Two typical fiber failure 
modes (i.e., pullout and rupture) can be observed at the final failure 
crack (Fig. 10a). The SEM images of L06-V2.0-S1, L12-V2.0-S1, and L18- 
V2.0-S1 with the same magnification are presented in Fig. 10b, c, and d, 

Fig. 10. SEM images for the PE fiber status at the final failure crack under tension: (a) typical fiber failure modes, (b) L06-V2.0-S1, (c) L12-V2.0-S1, and (d) L18- 
V2.0-S1. With increasing fiber length, the fraction of rupture fibers increases. 
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respectively. It can be found that almost all the fibers of L06-V2.0-S1 are 
pulled out (Fig. 10b), while both pullout and rupture failure modes can 
be observed for L12-V2.0-S1 (Fig. 10c) and L18-V2.0-S1 (Fig. 10d). 
Overall, with increasing fiber length, the fraction of ruptured fibers in-
creases. These observations coincide with the micromechanical 
modeling results (Fig. 9). 

4.5. Overall assessment of SS-ECC by considering both mechanical and 
cracking performance 

For a ECC structural component, the compressive and tensile 
strength as well as the tensile strain capacity are the key mechanical 
performance indices, while the crack width and variance are critical for 
its mechanical and durability performance. Specifically, small crack 
width can also improve the deformation compatibility between ECC and 
FRP reinforcement. Therefore, the smaller wmean and sw the better: the 
smaller wmean is beneficial to the water permeability and self-healing 
performance, and the smaller sw means the multiple-cracking behavior 
is more stable. 

Based on Eq. (5) and Eq. (6), the mean values (wmean) and standard 
variances (sw) of crack widths at the ultimate stage (strain level E) for the 
selected samples are calculated and listed in Table 6. To obtain the 
positive relations between the assessment indices and crack character-
istics, the reciprocals of wmean and sw (i.e., 1/wmean and 1/sw in Table 6) 
can be used to assess the cracking performance of SS-ECC. 

To assess the overall performance of SS-ECC, a five-dimensional 
representation of the cracking performance (i.e., crack width and its 
variation) and the mechanical performance (i.e., compressive and ten-
sile properties) is proposed (Fig. 11). The effects of the sand size, fiber 
dosage, and fiber length on the overall performance are presented in 
Fig. 11a, b and c, respectively. For the sand-size series, the overall 
performance of L12-V2.0-S1 and L12-V2.0-S2 were close to each other in 
general, and L12-V2.0-S4 showed poorer cracking performance. For the 
fiber-dosage series, the overall performance of SS-ECC (except 
compressive strength) significantly improved as the fiber dosage 
increased. For the fiber-length series, the tensile strain capacity of L18- 
V2.0-S1 was the highest, but its crack-control capacity was the lowest. 

Based on the above discussion, the overall performance of L12-V2.0- 
S1 and L12-V2.0-S2 is outstanding among all the SS-ECC mixes studied. 
Additionally, from the perspective of the utilization rate of raw material 
(Table 3), sea-sand is more effectively used in L12-V2.0-S2 as compared 
to L12-V2.0-S1. In summary, L12-V2.0-S2 is highly recommended for 
practical marine and coastal applications. 

5. Probabilistic modeling of crack width evolution with 
increasing tensile strain 

In this section, a probabilistic model is developed to describe the 
crack width evolution of SS-ECC at different strain levels. First, the 
functions linking the Weibull scale and shape parameters to the tensile 
strain levels are introduced. Second, the probabilistic model is devel-
oped and validated by comparing the model results with the test data of 
L12-V2.0-S1 and L12-V2.0-S2 that showed the best overall performance. 
Finally, a possible application of the proposed model is presented. 

5.1. Weibull scale and shape parameters vs. tensile strain 

5.1.1. Weibull scale parameter 
Based on the results in Table 4, the Weibull scale parameter λ vs. 

tensile strain ε relations of SS-ECC are presented in Fig. 12, and the 
tensile stress-strain curves are also plotted for comparison. Generally, 
the Weibull scale parameter λ increased with increasing tensile strain ε. 
It can be observed that the λ-ε relations coincide with the strain- 
hardening branches of the stress-strain curves. This phenomenon can 
be explained as follows. The crack width of SS-ECC increased as the 
tensile strain increased (Fig. 7a). For the λ-ε relations, the value of λ and 

Table 6 
Mean values (wmean) and standard variances (sw) of the crack widths at the ul-
timate stage (strain level E) for the selected samples.  

Specimen ID wmean (μm) 1/wmean (1/μm) sw (μm) 1/sw (1/μm) 

L12-V2.0-S1  56.5  0.018  24.3  0.041 
L12-V2.0-S2  57.3  0.017  20.6  0.049 
L12-V2.0-S4  75.5  0.013  28.3  0.035 
L12-V1.0-S1  228.4  0.004  139.8  0.007 
L12-V1.5-S1  95.0  0.011  39.9  0.025 
L06-V2.0-S1  58.6  0.017  32.9  0.030 
L18-V2.0-S1  86.0  0.012  45.6  0.022  

Fig. 11. Five-dimensional assessment considering both mechanical and 
cracking performance of SS-ECC using radar graph. The overall performance of 
L12-V2.0-S1 and L12-V2.0-S2 is outstanding among all the SS-ECC 
mixes studied. 
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crack width have a positive correlation [Eq. (5)]. For the stress-strain 
curves, the fiber bridging stress (before the peak stress) increased with 
increasing crack width (Fig. 9a). Thus, the trends of λ-ε relations and 
stress-strain curves (Fig. 12) are similar. When linear fit was applied to 
describe the λ-ε relation for each selected sample, the correlation coef-
ficient r ranged from 0.918 to 0.989, which indicates a strong linear 
correlation between λ and ε. Therefore, the following simplified linear 
relation (Eq. (7)) between λ and ε can be used for further discussion: 

λ = Aε+B (7)  

where A and B are the coefficients from the linear fitting. 

5.2. Weibull shape parameter 

Based on the results in Table 4, the Weibull shape parameter k vs. 
tensile strain ε relations of SS-ECC are presented in Fig. 13, and the 
average value of k (i.e., kavg) for each selected sample is also plotted with 
a dashed line. The variation of the k values at different strain levels is 
limited in general, except for a few data points. Hence, for simplicity, the 
Weibull shape parameter k is assumed to be a constant (i.e., the average 
value kavg) for each group in the probabilistic modeling (Eq. (8)). The 
applicability of this simplification will be discussed later. 

k = kavg (8) 

Fig. 12. Weibull scale parameter (λ) of crack widths at different tensile strain levels for the selected SS-ECC samples. A linear relationship is observed between the 
Weibull scale parameter λ and the tensile strain ε. 

Fig. 13. Weibull shape parameter (k) of crack widths at different tensile strain levels for the selected SS-ECC samples. The variation of the k values at different strain 
levels is marginal. 
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Fig. 14. Modeling results of the cumulative distribution of crack widths for L12-V2.0-S1 show good agreement with test results.  

Fig. 15. Modeling results of the cumulative distribution of crack widths for L12-V2.0-S2 show good agreement with test results.  
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5.3. Probabilistic modeling and validation 

By introducing Eq. (7) and Eq. (8) into the Weibull cumulative dis-
tribution function (CDF, Eq. (4)), the CDF of crack width w at a given 
tensile strain ε can be expressed as: 

F(w) = 1 − exp
(

−
( w

Aε + B

)kavg
)

(9)  

where the determinations of A, B, and kavg are shown in Figs. 12 and 13. 
To validate the applicability of the model, the modeling result at every 
strain level (from A to E) was compared to the experimental and best-fit 
results. Figs. 14 and 15 presents the detail of the comparison for L12- 
V2.0-S1 and L12-V2.0-S2, respectively. It should be pointed out that 
the best-fit result was directly fitted from the measured crack widths 
(from experiment) using the Weibull distribution. In the figures, rW and 
rM are the correlation coefficients of the best-fit and modeling cumula-
tive distribution curves, respectively. In general, the values of rM were 
very close to those of rW, which indicates that the modeling results are 
very close to the best-fit ones. Additionally, it validates the treating of 
the Weibull shape parameter k as a constant [i.e., Eq. (8)] at all the strain 
levels. 

According to Eq. (9), the crack width w for a given tensile strain ε 
and cumulative probability F(w) can be derived as follows: 

w = (Aε+B)( − ln(1 − F(w) ) )1/kavg (10) 

The modeling and test results of the probability densities of the crack 
widths at different strain levels for L12-V2.0-S1 and L12-V2.0-S2 are 
plotted in Figs. 16 and 17, respectively. Additionally, the crack width vs. 
tensile strain relation at three different cumulative probabilities (i.e., 
0%, 50% and 99%) are also presented in Figs. 16 and 17 for demon-
stration. In general, the modeling results showed good agreement with 
the test results, which indicates that this method can satisfactorily model 
the crack width evolution of SS-ECC. It should be pointed out that the 
proposed method can also satisfactorily model the crack width evolution 
of other SS-ECC mixes in this study, but the corresponding results are not 
particularly presented in this section. 

5.4. Demonstration of the application of the model 

It is known that the crack width is critical for the water permeability 
and self-healing behavior of concrete materials [3]. To control the crack 
width of SS-ECC in practical applications, the proposed model can be 

used to estimate the critical tensile strain for a given crack width limit 
and cumulative probability by using Eq. (11). 

ε =
w/A

( − ln(1 − F(w) ) )1/kavg
−

B
A

(11) 

For all the selected samples in Fig. 4, the critical tensile strain vs. 
crack width limit relations are plotted in Fig. 18. It should be pointed out 
that the crack width limit w99% means that 99% of the cracks are 
controlled to have the width below this value. 

For ECC materials, the crack with the width no more than 100 μm are 
likely to have excellent self-healing performance [42]. Compared to the 
other groups, L12-V2.0-S1 and L12-V2.0-S2 have the largest critical 
tensile strains for the same crack width limit, as L12-V2.0-S1 and L12- 
V2.0-S2 have the best crack-control capacity among the SS-ECC mixes 
studied (Fig. 11). By introducing F(w) = 99% and w99% = 100 μm into 
Eq. (11), the critical tensile strains on L12-V2.0-S1 or L12-V2.0-S2 can 
be estimated to be no more than 2.64% and 2.77%, respectively. 

6. Conclusions 

This study assesses the crack characteristics and models the crack 
width evolution in high-strength seawater sea-sand Engineered 
Cementitious Composites (SS-ECC), considering the effects of ingredient 
parameters including sand size (1.18 mm, 2.36 mm and 4.75 mm), fiber 
length (6 mm, 12 mm, and 18 mm), and fiber volume dosage (1.0%, 
1.5%, and 2.0% for 12-mm fibers). Based on the materials used and 
results obtained, the following conclusions can be made.  

1) According to the experimental observation, micromechanical 
modeling and SEM analysis, smaller sand size and higher fiber 
dosage of SS-ECC resulted in smaller crack widths under the same 
tensile strain. Fiber length had no obvious effect under the same 
tensile strain below 2%, but 18-mm fiber led to larger crack widths at 
a strain level above 2%, due to a large fraction of fiber rupture after a 
certain crack opening.  

2) For SS-ECC with 1.0–2.0 vol% fibers, the Weibull distribution was 
found to describe the crack width distribution better than the log- 
normal distribution, at all tensile strain levels. 

3) A five-dimensional representation of crack characteristics and me-
chanical performance was introduced to graphically assess the 
overall performance of SS-ECC. According to this assessment, the 
overall performance of L12-V2.0-S1 and L12-V2.0-S2 was 
outstanding among all the SS-ECC mixes studied. Additionally, Fig. 16. Modeling results of the crack width distributions of L12-V2.0-S1 at 

different strain levels show good agreement with test results. 

Fig. 17. Modeling results of the crack width distributions of L12-V2.0-S2 at 
different strain levels show good agreement with test results. 
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considering the utilization rate of raw material (sea-sand), L12-V2.0- 
S2 is highly recommended for practical applications. 

4) A probabilistic approach was proposed to model the stochastic na-
ture and evolution of the crack width distributions of SS-ECC at 
different strain levels. The modeling results showed good agreement 
with the experimental results, and it can be used to estimate the 
critical tensile strain on SS-ECC in practical applications for a given 
crack width limit and cumulative probability. Specifically, if the 
crack widths of SS-ECC need to be controlled to no more than 100 μm 
for 99% of the cracks, the applied tensile strains for L12-V2.0-S1 and 
L12-V2.0-S2 should be no more than 2.64% and 2.77%, respectively. 

The above findings and proposed methods can facilitate the future 
application of SS-ECC in marine and costal structures. It should be 
pointed out that the proposed assessment method by comprehensively 
considering the mechanical performance and crack characteristics can 
also be used in other kinds of strain-hardening cement-based materials. 
Additionally, as the proposed probabilistic modeling method was only 
demonstrated to be effective for SS-ECC in this study, its applicability for 
conventional ECC should be further verified. 
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