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A B S T R A C T   

This paper presents a study on cracking characterization of engineered cementitious composites (ECC) under 
flexural cyclic load using digital image correlation (DIC) technique. Five stress levels, namely 0.65, 0.75, 0.8, 
0.85 and 0.9 of the flexural strength, were applied. Strain map at the side surface was obtained by DIC and used 
to drive evolution of the midspan deflection, damage pattern, maximum crack width, number of cracks, and 
crack width distribution with respect to the normalized number of cycles. The stress level was found to have a 
significant influence on the cracking behavior of ECC under flexural cyclic load. Regardless of the applied stress 
level, most of the crack widths are in the range between 20 and 80 μm. In the end, a two-dimension Gauss 
function was used to correlate the crack width distribution with normalized number of cycle and shows satis-
factory results.   

1. Introduction 

Engineered cementitious composites (ECCs) belong to a broad class 
of fiber reinforced concrete [1]. They are sometimes also termed as 
strain-hardening cementitious composites (SHCCs) or ultra-high 
toughness cementitious composites (UHTCCs). ECCs are a family of 
cementitious materials with the common feature of being ductile, with 
tensile strain capacity typically beyond 2% [2–4]. ECC design is based 
on engineering the fiber, matrix, and fiber/matrix interface features 
deliberately to improve the tensile deformation capacity of the com-
posite. Under monotonic tensile loading, multiple microcracks develop 
along the ECC specimen, instead of localized fracture typically found in 
conventional concrete. Consequently, ECC possesses a metal-like 
stress–strain response, in which strain-hardening occurs after a distinc-
tive “yield” strength. The tensile ductility, the strain capacity at peak 
strength, of ECC is typically two orders of magnitude higher than that of 
normal concrete [5]. This allows the flexural strength of ECC to reach 
10–15 MPa, 2–3 times that of conventional concrete [6]. The tight crack 
width of ECC (generally <100 μm [7]) allows the material to possess a 
significant ability to recover mechanical properties through autogenous 

healing in the presence of water [8–11]. 
Unlike the fracture behavior under monotonic loading, fatigue 

fracture of ECC is a process of progressive, permanent internal structural 
changes, which inevitably result in the changes of the performance of 
ECC with time [7]. Therefore, it is important to have an in-depth un-
derstanding of the fatigue behavior of ECC for structural design and 
service life estimation. Similar to concrete, the fatigue performance of 
ECC can be characterized by an S-N curve, in which the amplitude of the 
cyclic stress (S) is related to the number of cycles to failure (N). ECC has 
a much longer fatigue life at high stress level compared to plain con-
crete, polymer cement mortar, and steel fiber-reinforced concrete, due 
to the fiber-bridging effect [12–14]. However, with the fatigue stress 
level decreasing, a reduction in number of cracks has been observed by 
Matsumoto and Kanda [15,16]. Through microscopic investigation of 
fracture surfaces, Müller and Mechtcherine [17] demonstrated that the 
decrease in strain capacity under fatigue loading in uniaxial tension can 
be traced back to less pronounced or even absent multiple cracking and 
to the transition of the failure mode from fiber pull-out to fiber failure. 
Huang et al. [18,19] investigated the fatigue failure of ECC under 
compression. Three type of fatigue-induced fiber failure modes, namely, 
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crushing, rupturing and pulling-out were observed. Furthermore, X-ray 
computed tomography shows that the fatigue load can cause the interior 
multiple cracking [20]. Microscopic studies have revealed that the 
fatigue-induced fiber debonding, interface hardening, and in-situ fiber 
strength reduction contribute to the fatigue deterioration of fiber 
bridging of ECC leading to failure of the ECC [21]. A micromechanical 
model was therefore proposed to investigate the fatigue deterioration 
mechanism [21–23]. On the other hand, continuum damage mechanics 
theory has been used to build the fatigue damage model to compute the 
fatigue life, fatigue crack propagation as well as the fatigue damage 
[24–26]. Based on the Weibull function, the fatigue life can also be 
predicted using a deformation based model [27]. 

Although fatigue performance of ECC has been extensively investi-
gated, little effort has been put on understanding the crack pattern 
evolution of ECC under the fatigue loading, which plays a dominating 
role on assessing the durability of ECC material and structural elements. 
To this end, this work aims at understanding the crack evolution of ECC 
under flexural fatigue loading with the aid of digital image correlation 
(DIC) technique, which has recently been adopted to trace the evolution 
of crack pattern and crack width distribution of plain cementitious 
materials [28–30], ECC [31–33] and ECC/normal concrete hybrid sys-
tems[34] under monotonic loading. This technique is promising for 
studying the fatigue crack pattern evolution of ECC as it allows succes-
sive measurement of multiple cracks simultaneously during the test, and 
can provide more precise measurement of the crack width compared 
with the techniques using linear variable differential transformer 
(LVDT) and strain gages in which the elastic deformation of the un-
cracked area cannot be fully excluded from the measurement. Further-
more, if multiple cracks form inside the gauge length of LVDT or strain 

Table 1 
Mix proportion of ECC, in kg/m3 [35].  

Cement Fly ash Quartz sand Water VMA Superplasticizer Fiber 

593 712 474 339  0.59  5.22  26.0  

Fig. 1. Random speckle pattern obtained by black paint spray.  

Fig. 2. DIC setup for the flexural fatigue test.  

Fig. 3. Comparison between the cracked specimen and strain map obtained using DIC.  

R. Sun et al.                                                                                                                                                                                                                                      
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gages, only total crack width can be measured. Using the stain field 
information obtained by DIC, the evolution of the number of cracks, 
maximum crack width and crack width distribution on the observed 
surface (i.e. lateral side of the beam) along with the fatigue loading was 
determined. The influence of fatigue stress level (0.65, 0.75, 0.8, 0.85, 

Fig. 4. Crack width determination using DIC.  

Fig. 5. Load-deflection relationship of ECC under monotonic flexural test.  

Fig. 6. Fatigue stress–life relationship comparison between ECC and plain 
concrete [45]. 

Fig. 7. Fitting of the normalized S–N relationship.  

Fig. 8. Weibull plot for the fatigue life under various loading stress levels.  
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0.9 of the flexural strength) on the fracture behavior was investigated. 
The current study offers additional insight into the fatigue fracture 
behavior of ECC, thus providing a basis for durability assessment and 
design of ECC structures. 

2. Materials and methods 

2.1. Materials 

Ordinary Portland cement 42.5 (Shandong Shanshui Cement Group, 
China), local Class-F fly ash, quartz sand with particle size of 
125–180 μm and PVA fiber (Kuraray, Japan) were used. The fly ash to 
cement weight ratio was 1.2 and the water to binder ratio was 0.26. The 
fiber volume fraction is 2%. Besides, polycarboxylate ether-based 
superplasticizer and viscosity modifying admixture (VMA) were added 
to adjust the fresh properties for casting. The mix proportion of the 
tested ECC are present in Table 1[35]. The 28-day compressive strength 
and the Young’s modulus of ECC measured on prismatic specimens 
(150 mm × 150 mm × 300 mm) were 52.3 MPa and 18.9 GPa, respec-
tively. The four-point bending test on the thin slab ECC specimens 
(350 mm × 50 mm × 15 mm) showed that the first cracking strength, 
ultimate flexural strength and ultimate midspan deflection were 
4.6 MPa, 15.5 MPa and 30.2 mm, respectively. 

2.2. Specimen preparation 

Specimens with the dimensions of 100 mm × 100 mm × 400 mm 
were cast for the flexural fatigue test. A 20L horizontal shaft mixer was 
used for the mixing. Cement, fly ash, quartz sand and VMA were first 
mixed for two minutes. Water and superplasticizer were then added to 
the mixture and mixed under medium speed for 4 min. Afterwards, fi-
bers were added with low mixing speed. This procedure was completed 
within one minute. The mixing was resumed for another 3 min mixing at 
medium speed. This was followed by pouring the fresh mixture into the 
molds and covering with a plastic membrane. One day after the casting, 
the hardened specimens were demolded and subsequently cured (tem-
perature: 20 ◦C; relative humidity: 95%) up to 28 days. Before the 
monotonic and fatigue test, the specimens were stored in the laboratory 
environment (temperature: 23 ± 3 ◦C; relative humidity: 60 ± 5%) for 
3 months. For the fatigue test, digital image correlation technique (DIC) 
was used to capture the surface strain map within the region of interest. 
Therefore, random speckle patterns were made over the specimen sur-
face using white and black spray paint. The surface was first polished 
using sand paper and painted with matte white paint. The dark speckle 
pattern was randomly sprayed on the flat white surface, see Fig. 1. This 
allows each subset to have a unique grey scale distribution. 

2.3. Testing configuration 

The monotonic and fatigue flexural tests were conducted by a 
MTS810 electro-hydraulic universal testing machine with a 100 kN ca-
pacity. The specimens were subjected to four-point bending. The loading 
span and the support span were 100 mm and 300 mm, respectively. 
Three specimens were tested under monotonic flexural load. Defection 
control with a loading rate of 0.01 mm/s was used. The average ultimate 
flexural strength obtained from the monotonic tests was then used to 
calculate the applied load for the fatigue test. In the fatigue test, load 
control was used. The specimen was first loaded 3 times with 0.4 time of 
the desired load level to ensure a tight contact between the roller and the 
specimen. 5 Hz sinusoidal cyclic load with a maximum value, Pmax and 
the minimum value, Pmin, was then applied. The ratio between Pmin and 
Pmax was set to 0.1. This set up can avoid impact and slip of specimen 
during the fatigue testing. Multiple stress levels, S, defined by Eq.(1), 
namely 0.90, 0.85, 0.80, 0.75 and 0.65 were used. 

S =
Pmax

Pult
(1)  

where Pult is the monotonic ultimate load of the specimen. The experi-
ment was terminated either after failure occurred (complete fracture of 
the specimen) or 2 × 106 cycles were reached. After the fatigue test, an 

Table 2 
Weibull analysis of the fatigue life under each fatigue stress level.  

Stress level, S α Nα R2  

0.90  1.50 2540  0.9006  
0.85  2.44 10,404  0.9112  
0.80  1.74 15,512  0.9134  
0.75  1.5 64,000  0.9054  
0.65  2.12 418,066  0.9617  

Fig. 9. Comparison between the measurements and theoretical fatigue life with 
varying failure probability, p. 

Fig. 10. Midspan deflection evolution with respect to the normalized number 
of cycles. 

R. Sun et al.                                                                                                                                                                                                                                      
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optical microscope was used to observe the exposed fibers at the frac-
tured surface. 

2.4. Crack detection using DIC 

To trace the crack width development at the side of the ECC spec-
imen, DIC technique was used. It is a non-contact optical-numerical 
measurement method to provide full field surface strain/displacement 

maps. The full field strain/displacement maps are remarkably useful 
when studying the behavior of cementitious materials, due to the 
complexity of these materials and the influence of concentration of 
localized strains on the behavior [36–41]. In this technique, digital 
images of unreformed and deformed states are captured and compared 
in terms of the grey level of each pixel. Small regions (termed as subsets) 
consisting of a set of pixels are tracked before and after deformation by 
matching their grey scale distribution. The displacement/strain field is 

Fig. 11. Strain field evolution of specimens under the fatigue tests with stress levels of: (a) 0.9; (b) 0.85; (c) 0.80; (d) 075 and (e) 0.65 (n/N represents normalized 
number of cycle). 

R. Sun et al.                                                                                                                                                                                                                                      
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then computed from the movement of subsets. 
A 3D full-field strain measurement system developed by Xian Xintuo 

Company was used for image acquisition and analysis. The Image 
acquisition system consists of two high-precision 8-bit TAWOV cameras. 
The cameras have a spatial resolution of 2448 × 2048 and a graphic 
resolution of 5 megapixels. Cameras were mounted on a tripod and 
placed 1 m from the tested specimen, see Fig. 2. With this setup, the 
resolution of the image is 3.5 μm × 3.5 μm/pixel. Digital images were 
taken every second when the specimen was loaded. Prior to the test, 
cameras were calibrated for its position and orientation using a cali-
bration grid plate. In this process, the calibration grid plate was placed 
in the same plane as that of the CCD chip of the camera and at a same 
distance as that of the specimen. After the calibration, DIC system can 
translate the image coordinate to geometric coordinate accurately. More 
details about the calibration process can be found in [42]. 

For the strain calculation, the subset dimension and step size were 
chosen as 20 × 20 pixels and 20 pixels, respectively. This set up is 
capable of providing a displacement with an accuracy of 1/50 pixel 
[43]. Fig. 3 compares the calculated strain filed and the cracked speci-
mens at a certain stage. Clearly, each counter of the strain peak corre-
sponds to a single crack. To trace the crack automatically, an approach 
by Ruocci et al. [44] was adopt. In this approach, crack points were 
recognized by analyzing the horizontal measuring line at the outmost of 
the tension side. As shown in Fig. 4, strain peaks are treated as crack 
points once they exceed a threshold value. In general, the threshold 
value is defined as the mean value plus one standard deviation (μ + ω) of 
the longitudinal strain distribution in the measuring line. The crack 
widths can be derived on the basis of the displacement field information 
of two reference points at the left- and right-hand side of the crack point 
location. The crack points were then clustered and traced. In this way, 
the crack width development and the number of cracks can be recorded. 

3. Results and discussions 

3.1. Monotonic flexural test 

Monotonic load–deflection curve of the measured specimens is 
plotted in Fig. 5. As expected, deflection hardening behavior is observed 
attributed to multiple cracking characteristic generated by the fiber 
bridging effect. The average ultimate load is 44.75 kN with a standard 

Fig. 11. (continued). 

Fig. 12. Relationship between the crack number on the tension face and stress 
level at the failure stage. 

Fig. 13. Evolution of the observed number of cracks at the side with the 
normalized number of cycles. 

Table 3 
Relationship between crack number and normalized number of cycles under 
each fatigue stress level.  

Stress level, S a b R2  

0.90  28.80  0.46  0.974  
0.85  26.51  0.51  0.966  
0.80  23.86  0.52  0.992  
0.75  22.09  0.58  0.987  
0.65  16.37  0.62  0.993  

R. Sun et al.                                                                                                                                                                                                                                      
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deviation of 1.14, corresponding to a strength of 13.45 ± 0.43 MPa. The 
applied Pmax for fatigue test was there therefore determined as 40.28, 
38.04, 35.80, 33.56 and 29.09 kN, respectively, for S = 0.90, 0.85, 0.80, 
0.75 and 0.65. 

3.2. Fatigue stress–life relationship 

The results of fatigue tests under various Pmax are presented in Fig. 6 
and compared with plain concrete. It is evident that ECC has much 
stronger fatigue load resistance than plain concrete for a certain fatigue 
life. Similar to the observation in Ref [13], a bilinear S-N relation, such 
as that of metallic materials, is observed for ECC. Note that, with fatigue 
cycle increasing, a faster decrease in fatigue flexural strength is observed 
compared with plain concrete [45]. 

To determine the S-N relationship, the stress level, S is plotted 
together with cycles to failure, N in Fig. 7. To meet the following two 
boundary conditions: (1) N = 1 when S = 1 and (2) N→∞ when S→∞, a 
double logarithmic equation in the form of LgS = LgA-BlgN was adopted 
in which A and B are fitting parameters. As can be seen, the bilinear 
double logarithmic fatigue equation can describe the S-N relationship 
well, with determination coefficients above 0.95 for both branches. The 
inflection point is positioned between LgN = 3 and 4. As pointed by Li 
et al. [46], the double logarithmic equation can be used for the pre-
diction. Assuming N = 2 × 106 as the fatigue limit, a corresponding 
stress level, S = 0.5921 is obtained. This agrees with the experimental 
observation in Ref [13]. 

3.3. Weibull analysis of fatigue life 

Similar to concrete, ECC shows large variability in fatigue test re-
sults. This should be considered in the design of ECC. Therefore, 
statistic-based approaches should be applied. Weibull distribution has 
been widely applied for characterization the fatigue life of plain and 
fiber reinforced concrete [45–49]. Herein, a two-parameter Weibull 
distribution was adopted: 

lnln
1

1 − Pf (N)
= αlnN − αlnNa (2)  

where Pf(N) is the cumulative probability of failure; α is the shape 
parameter describing the variability; Na is the scale parameter (char-
acteristic fatigue life). The characteristic fatigue life corresponding to a 
failure probability of 0.63, which means that, statistically, 63 % of 
specimens fails at the characteristic fatigue life. 

According to the probability theory of Weibull distribution, the 
failure probability, p corresponding to the failure life N can be expressed 
by: 

p =
i

k + 1
(3)  

where k is the total number of fatigue test data at certain S, i the 

sequence number of failure specimens at certain S. The cycles to failure 
for each S are plotted in a Weibull coordinate system, see Fig. 8. The 
least-squares method was performed to obtain α and Na. Table 2 shows 
the fitting results. It is evident that all correlation coefficients are above 
0.90. This validates that the fatigue life of ECC follows the double- 
parameter Weibull distribution. Fig. 9 compares the measurements 
and theoretical fatigue life with varying failure probabilities. Most of the 
experimental results are within the failure probability between 5% and 
95%, except one at the stress level of 0.85. 

3.4. Evolution of midspan deflection under fatigue load 

The midspan deflection evolution was derived from DIC analysis and 
plotted against the normalized number of cycles in Fig. 10. Similar to the 
observation in Ref. [13] where an LVDT was used for the measurement, 
the evolution of midspan deflection depends on the fatigue stress level. 
Under S = 0.9, the midspan defection under fatigue loading can be 
higher than 2 mm, which is more than two times that of the specimens 
under S = 0.65. Furthermore, three stages can be distinguished from the 
midspan defection evolution diagram. Similar observations have been 
reported for hydrated cement paste at the micro-scale [50]. In the first 
stage (n/N < 0.1), the deflection grows with the normalized number of 
cycles. Afterwards, the increase rate reduces remarkably and remains 
nearly constant before n/N < 0.8. This is followed by a rapid increase at 
stage III. The increment is more significant for the specimens under 
lower fatigue stress levels. Mechanisms responsible for this behavior are 
described below. 

3.5. Strain field evolution under fatigue load 

The evolution of the strain field of ECC with respect to the normal-
ized number of cycles to failure is shown in Fig. 11. For each stress level, 
strain fields at 6 different failure stages are plotted. It is clear that the 
area with strain concentration increases with the number of load cycles. 
This means that the damaged area expends with the cycle. Assuming 
that the strain concentration area corresponds to the damage or a crack, 
one can observe that multiple cracks initiate from the bottom at stage n/ 
N = 0.1 and tend to propagate to the top and increase their width 
gradually. It is worth mentioning that during this deterioration process, 
although some new cracks do form, the major cracks that lead to failure 
are among those observed already at n/N = 0.1. This indicates that in 
general the failure is caused by crack growth, rather than the initiation 
of new cracks under the flexural cyclic load. 

Furthermore, the strain concentration (damaged) area is sensitive to 
the applied stress. Compared with the specimens under high stress level, 
cracks initiated in specimens under low stress level tend to propagate to 
the top rather than extending in width. When S = 0.65, the damage is 
more localized, and only several narrow and localized strain branches 
are observed. With the fatigue stress level increasing, more strain con-
centration (damaged) branches are observed, and some of them coalesce 
as the number of load cycles increases. This can be attributed to the 

Fig. 14. Microscopic image of PVA fiber on the fracture surface of specimens under (a) stress level of 0.65 in which most of the fibers are ruptured and (b) stress level 
of 0.9 in which most of the fibers are pulled-out. 

R. Sun et al.                                                                                                                                                                                                                                      
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stronger multiple cracking ability of ECC at higher stress level [51]. 

3.6. Evolution of the number of cracks under fatigue load 

After the test, the number of cracks on the outermost surface under 

tension was counted. Fig. 12 shows the relationship between the aver-
aged crack number and stress level. It is found that the number of cracks 
is proportional to the fatigue stress level. In the monotonic flexural test, 
more than 100 small cracks are formed in the ECC specimen. With stress 
level decreasing, less cracks were observed. The number of cracks 

Fig. 15. Crack width evolution of selected 5 cracks along normalized number of cycle for each stress level: (a) S = 0.9; (b) S = 0.85; (c) S = 0.8; (d) S = 0.75; (e) 
S = 0.65. (f) comparison between the evolution maximum crack width. 

R. Sun et al.                                                                                                                                                                                                                                      
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decreases to 17 when a fatigue stress level of 0.65 is applied. This is 
because a stress intensity factor higher than the fracture toughness of 
matrix is required to form a new crack. Under the smaller fatigue stress 
level, the stress intensity factor is too low to form new cracks. Conse-
quently, existing cracks keep extend and open with the load cycle. On 
this occasion, the fatigue resistance of the beam mainly relies on fatigue 
deterioration of fiber bridging ability on a few, or a single crack. A linear 
equation was used to fit the stress level-number of cracks relationship 

with a determination coefficient of 0.972. Similar observations have 
been reported in [16]. Furthermore, it should be noticed that the larger 
number of cracks formed in the specimens under higher stress level leads 
to the larger deflections during fatigue loading as shown in Fig. 10. 

Evolution of the number of cracks at the side was derived from the 
DIC analysis and plotted against the normalized number of cycles under 
varying fatigue stress levels in Fig. 13. In line with the observations at 
the outmost surface under tension, much more cracks are found in the 

Fig. 16. Crack width distribution at the side for S = 0.9: (a) heat map of the crack width distribution; (b) fitting of the crack width distribution when n/N = 0.7; (b) 
fitting of the crack width distribution when n/N = 0.9. 

Fig. 17. Crack width distribution at the side for S = 0.85: (a) heat map of the crack width distribution; (b) fitting of the crack width distribution when n/N = 0.7; (b) 
fitting of the crack width distribution when n/N = 0.9. 

Fig. 18. Crack width distribution at the side for S = 0.8: (a) heat map of the crack width distribution; (b) fitting of the crack width distribution when n/N = 0.7; (b) 
fitting of the crack width distribution when n/N = 0.9. 
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specimens under the higher fatigue load at the side. At failure state, 16 
cracks had formed in S = 0.65 and 31 for S = 0.90, representing an 
almost 100 % increase. This trend also holds for specimens under the 
same normalized number of cycles. For example, the number of cracks is 
no more than 5 when the fatigue stress level is below 0.75 at the 
normalized number of cycles of 0.1. When S = 0.9, this number increases 
to 11, which is more than 100 % increase. Furthermore, regardless of the 
stress level, the number of cracks at the bottom propagating to the side 
surface increases with the normalized number of cycles. The increasing 
rate decreases the normalized number of cycles increasing. A power 
function (y = axb) is proposed to describe the relationship between the 
crack number and normalized number of cycles. The fitting results are 
presented in Table 3. Correlation coefficients are all above 0.96, indi-
cating that the number of cracks is correlated with normalized number 
of cycles by power function for all stress levels. More interestingly, 
parameter a decreases with the fatigue stress level while b increases. It is 
worth mentioning that at the final phase, due to opening of the main 
crack, several narrow cracks reduce in width or even close. This leads to 
the decreased crack number that has been observed by DIC. 

An observation of the fracture surface is presented in Fig. 14. It is 
shown that the fiber failure characteristics do not differ from those 
observed in the monotonic test. The fatigue life of ECC is determined by 
the combination of fiber rupture and fiber pull-out. At the low stress 
level (S = 0.65), most of the fibers are ruptured due to fatigue. In 
contrast, fibers are more likely to pull out from the matrix under high 
fatigue stress level (S = 0.9). This explains the greater mid-span defec-
tion, multiple cracking and crack opening ability of the ECC observed at 
the high stress level. Based on the fiber-bridging degradation, several 
models have been proposed to predict the S-N curves of ECC with great 
success [21,52,53]. 

3.7. Evolution of maximum crack under fatigue load 

For each fatigue stress level, evolution of five cracks possessing the 
largest opening width was derived and shown in Fig. 15. Note that the 
crack opening measured from the DIC may differ from that obtained by 
LVDT: the LVDT measurement can only provide a sum of deformation 
over the gauge length in which multiple cracks and deformation of the 
uncracked area may be included. As it can be seen from Fig. 15, the 
three-stage mode is observed for the major crack causing the failure of 
the ECC specimen. In the initial phase, the monitored cracks open almost 
with the same rate. These cracks all contribute to the midspan deflection 
increment at the initial phase, see Fig. 10. In the second phase, one of 
these cracks opens with a relatively constant rate, while the width of the 
others almost remains unchanged. This is followed by a significant crack 
width increment of one or two cracks in the final phase. These cracks are 
the localized cracks that cause the failure of the specimen and contribute 
to the remarkable increase of the deflection in Fig. 10. Fig. 15f compares 

Fig. 19. Crack width distribution at the side for S = 0.75: (a) heat map of the crack width distribution; (b) fitting of the crack width distribution when n/N = 0.7; (b) 
fitting of the crack width distribution when n/N = 0.9. 

Fig. 20. Crack width distribution at the side for S = 0.65: (a) heat map of the crack width distribution; (b) fitting of the crack width distribution when n/N = 0.7; (b) 
fitting of the crack width distribution when n/N = 0.9. 

Table 4 
Two-dimension Gauss function fitting of the crack width distribution evolution.  

Stress level, S z0 A xc yc ω1 ω2 R2  

0.90  1.152  9.033  1.106  49.027  0.632  24.423  0.810  
0.85  1.092  8.473  0.851  46.365  0.476  17.598  0.941  
0.80  1.086  5.668  0.716  47.349  0.387  20.928  0.845  
0.75  1.042  5.418  0.687  46.189  0.314  19.284  0.839  
0.65  0.642  5.068  0.842  52.224  0.285  20.283  0.853  
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Fig. 21. Crack width distribution along with the normalized number of cycles for each stress level: (a) 0.9, (b) 0.85, (c) 0.8, (d) 0.75, (e) 0.65.  
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the maximum crack width evolution under various fatigue stress levels. 
It is clear that, at the initial phase, wider cracks form in the specimen 
under higher fatigue stress. In comparison to the ECC under low fatigue 
stress level (S = 0.65), the initial crack width is almost 10 times higher 
when high fatigue stress level (S = 0.9) is applied. In the second phase, 
the crack width growth rate is proportional to the fatigue stress level. 
The difference in crack width becomes largest at the end of the second 
phase where the maximum crack width under fatigue stress level of 0.9 
reaches 0.3 mm and this number decreases to 0.2 mm for specimens 
under fatigue stress level of 0.65. In the final stage, unstable crack 
development is observed. When it comes to the final stage, greater crack 
width increment was found for the specimens under lower stress level. 
This is accompanied by the rapid deflection increase (see Fig. 10). 
Pearson’s linear correlation coefficient, γXY [54] between the maximum 
crack opening width, X and midspan deflection Y was calculated. 

γXY =
cov(X,Y)

ωX⋅ωY
(4)  

where ωХ and ωY are the standard deviations of X and Y respectively, cov 
(X, Y) the covariance between X and Y. The calculated correlation co-
efficients are 0.9844, 0.9788, 0.9926, 0.9430 and 0.9775 for the fatigue 
stress levels of 0.9, 0.85, 0.8, 0.75 and 0.65 respectively. This means that 
there exists a strong linear relationship between the crack width and 
midspan deflection. 

3.8. Evolution of crack width distribution under fatigue load 

The observed evolutions of crack width distribution at the side for 
each stress level are presented in Figs. 16–20. The bin size was chosen as 
20 μm, leading to 8 classes in the range between 0 and 160 μm. From the 
figures, one can observe that under cyclic loading, the crack widths at 
the side are centralized in between 20 and 80 μm. The crack width 
distributions corresponding to the normalized number of cycles of 0.7 
and 0.5 were derived and fitted using the one-dimension Gauss function: 

y = a1e
−

(x− b1 )
2

c2
1 (5)  

where x is the crack width at a certain normalized number of cycles, y 
the number of cracks corresponding to the crack width, a1, b1 and c1 the 
fitted parameters. As can be seen from Figs. 16–20 all the determination 
coefficients are between 0.85 and 0.98. This indicates that the crack 
width distribution at a certain normalized number of cycles can be 
described well using the Gauss function. To correlate the crack number 
with the normalized number of cycles, a two-dimension Gauss function 
was applied: 

z1 = z0 +Ae
−
(x1 − xc )2

2ω2
1

−
(y1 − yc )2

2ω2
2 (6)  

where x1 represents the normalized recycle number, y1 the crack width 
at a certain normalized number of cycles, z1 the number of cracks cor-
responding to the crack width. z0, A, xc, yc, ω1, ω2 are fitting parameters. 
A represents the amplitude. xc and yc determine the coordinate of the 
peak. ω1 and ω2 represent standard deviations. 

Table 4 summarizes the calculated results. All the determination 
coefficients are above 0.8, indicating a strong correlation between crack 
width distribution and normalized number of cycles. When the stress 
level and normalized number of cycles are obtained, the crack width 
distribution can be estimated. This means that, with known cycle and 
stress level, it is possible to estimate the crack width distribution which 
offers basic data for the durability estimation [55–61]. The fitted crack 
width distributions are plotted in Fig. 21. It is clear that with the stress 
level increasing, the peak moves to the right, corresponding to a higher 
normalized number of cycles. This is attributed to the higher multiple 
cracking capacity of ECC at the higher stress level. The decrease of the 
crack number within the range between 20 and 80 μm can be attributed 

to the opening of the major crack which causes the closure of other 
narrow cracks. This phenomenon is more significant for specimens 
under lower fatigue stress level. Furthermore, it is interesting to notice 
that the peak crack width is close to 50 μm for all stress levels, with 
which the ECC should remain resistant to the penetration or diffusion of 
solutions containing aggressive ions [35,62–66]. 

4. Conclusions 

The current article presents a study on fatigue life and cracking 
characterization of ECC under flexural cyclic load using digital image 
correlation technique. Based on the present results, the following con-
clusions can be drawn:  

- A bilinear double logarithmic fatigue equation can describe the S-N 
relationship well. The fitted equation shows that when a stress level 
of 0.59 is applied, the fatigue life of ECC can reach 2 × 106 which 
agrees well with the observation in the literature.  

- Fatigue life of ECC can be described by a double-parameter Weibull 
distribution. Most of the experimental results are within the failure 
probability between 5% and 95%.  

- The applied stress level has a significant influence on the cracking 
behavior of ECC, which is closely linked to the deflection capacity. 
Three stages can be observed from the midspan deflection evolution 
as well as the maximum crack width evolution. A strong linear 
relationship exists between the crack width and the midspan 
deflection. The higher stress level leads to a greater midspan 
deflection which is accompanied by an increase in the number of 
cracks and the maximum crack width.  

- A linear relationship is found in between the number of cracks on the 
tension face and fatigue stress at the failure stage. At the side surface, 
the evolution of number of cracks with respect to the normalized 
number of cycles can be described by a power function.  

- Under fatigue loading, the major crack leading to the eventual failure 
of ECC initiates before the normalized number of cycles reaches 0.1. 
Under a low stress level, the major crack tends to propagate to the 
top rather than expanding the width, and the cracks are more 
localized. The multiple cracking ability of ECC gradually vanishes 
with the stress level decreasing.  

- Regardless of the stress level, the crack widths at the side are 
centralized between 20 and 80 μm. Crack width distribution at a 
certain normalized number of cycles can be described well using the 
one-dimensional Gauss function. Two-dimensional Gauss function 
can be used to correlate the crack width distribution with normalized 
number of cycles. It shows that the peak crack width is around 50 μm. 
With the stress level increasing, this peak moves to the higher value 
of the normalized number of cycles. 

The current study offers additional insight into the fatigue fracture 
behavior of ECC. The evolution of crack under fatigue loaded was 
continuously monitored using DIC, which provides a basis for durability 
assessment and design of ECC structures. 
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