
Fatigue is a complex thermic and mechanical incident 
which can result thaw, wear and decomposition oc-

curring in the materials due to repetition of loads and 
unloads, periodically [1]. Especially in some structures, 
which exposed to loads such as traffic, thermal chan-
ging, winds, sea waves and earthquakes, the rigidity of 
the structures decrease and collapse [2]. Construction 
materials can lose their strength when loaded periodi-
cally with sufficient repetition between two specified 
limit values of loads even the loads below their load be-
aring capacity.

In general, there are two basic loading methods to 
investigate of fatigue behavior of materials. First met-
hod is load controlled method that based on stress level 
and most common method (Fig. 1a). The other method 
is called deformation controlled method that facilitates 
particular analysis of stress and strain in local areas (Fig. 
1b) [3]. Additionally, fatigue loads are separated to two 
parts as low cyclic and high cyclic loading. Low cyclic 
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loading is defined by loading at a high stress level and 
making a small number of cycles. On the other hand, 
high cyclic loading is characterized by loading at the low 
stress level and making lots of number of cycles [4].

Concrete is one of the most used construction ma-
terial today. During various loading conditions, a crack 
is formed at the cross section of concrete which reac-
hed to load bearing capacity. This cause to lose entire 
load bearing capacity of concrete rapidly without using 
all mass of concrete. Due to this situation, it is become 
very common that usage of macro or micro fiber into 
the concrete which in order to prevent abrupt collapse 
failure and much more take advantage of mass of conc-
rete [5]. Poor performance of plain concrete under cyclic 
loading has been reported by various researchers [6,7]. 
By using these kinds of fibers, it is possible to enhance 
mechanical performance of concrete under fatigue loa-
ding [8]. Many fiber types are adopted to cement-based 
composites due to the developed concrete technology. 

A B S T R A C T

In this study, the fatigue behavior of Engineered Cementitious Composites incorporating 
high tenacity polypropylene fiber was investigated. The strain curves, cycle numbers, 

crack numbers and stiffness values were obtained from the experiments carried out with 
the load-controlled fatigue method at 80, 90 and 110% stress level (maximum stress/ul-
timate static strength). In conclusion, at 80% stress level, average 1127 cycles, 1.37% the 
unit deformation capacity and 6 cracks were achieved. At 90% stress level, 215 cycles, 
1.89% the unit deformation capacity and 8 cracks were obtained. In the specimens where 
110% stress level was applied, the average number of cycles was decreased to 38 cycles, the 
unit deformation capacity increased up to 2.60% and the average number of cracks also 
doubled and raised to 15 cracks. Additionally, the average stiffness values of 8.68 and 9.57 
GPa were obtained in the first cycles at 80% and 90% stress levels, it was observed that 
the stiffness values gradually decreased with increasing cycles. Although high strain values 
were achieved at the 110% stress level, micro cracks were formed suddenly due to the very 
high applied loading and the rigidity values remained low since the first cycle due to the 
plastic deformation.
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fibers being more active and the ability to make multiple 
cracks give more favorable results in terms of fatigue life and 
reach high deformation capacities [14].

Nowadays, there are abundant studies conducting with 
PVA or PE fibers composites [15-19]. The commonly used 
fiber type in the literature is mostly PVA. Last decade, ECC 
produced with HTPP fiber (HTPP-ECC), which are consi-
dered as new generation polymeric fibers, has growing in-
terest. HTPP-ECC differs from PVA-ECC due to fiber and 
fiber-matrix interaction properties. There are studies on 
the flexural and tensile performances of HTPP-ECC [5, 20]. 
However, fatigue performance of HTPP-ECC under flexu-
ral and tensile stress has been investigated, rarely. Jin and Li 
(2019) has investigated fatigue performance of HTPP-ECC 
which used on wind turbine tower under 4-point flexural 
loading at 70, 80 and 90% of their static strength and it was 
reported that fatigue life of HTPP-ECC was 50 times longer 
compared to plain concrete [21]. 

Apart from the study which mentioned upward, it is 
seen that there is not enough research on the fatigue beha-
vior of HTPP-ECC. In order to fill this gap and to contribute 
to the literature, fatigue performance of HTPP-ECC under 
different stress levels has been investigated within the sco-
pe of the study. For this purpose, dog-bone shaped tensile 
specimens were produced and they were subjected to tensile 
fatigue loading at 80, 90 and 110% of tensile strength. Thus, 
it was planned to better understand the low cycle dynamic 
effects at the high stress value as earthquake loads and exa-
mine the correlation between deformation ability and cycle 
capacity of ECCs at the different stress levels. In addition to 
this, it was aimed to contribute to literature by examining 
fatigue life and stiffness changes of composites.

MATERIAL AND METHODS

Within the scope of the experimental program, previ-
ously designed matrix adopted from the study that it is 
compatible with HTPP fiber [20]. The water/cement ra-
tio of the mixture was 1.10 and powder material/cement 
ratio was 2.5. The composites were labelled as HCF and 
mixture ratios were presented in Table 1. CEM I 42.5 R 
type cement and Granulated Blast Furnace Slag (GBFS) 
were used. Chemical, physical and mechanical properties 
of the cement is shown at Table 2.

Chemical and physical properties of GBFS is shown in 
Table 3. HTPP fibers were used in fiber phase of the mixtu-
re. Physical and mechanical properties of HTPP fibers are 
shown at Table 4.

The volume of the mixture was determined as 4 dm3 

for pouring process. In mixing process laboratory type Ho-

Substitution of the steel fibers into concrete, which are the 
first advanced fibers of modern times, increase load bea-
ring capacity, crack growth resistance and fatigue strength 
[4, 9]. In recent years, cement-based composites which are 
produced with using fibers such as poly-vinyl alcohol (PVA), 
high tensile polypropylene fibers (HTPP) and polyethylene 
(PE), are considered that will indicate superior performan-
ce under the fatigue loading [10]. These composites which 
demonstrate high ductility and toughness under tensile, fle-
xural and shear loading owing to strain-hardening behavi-
or, are called ECC (Engineered Cementitious Composites). 
High toughness and ductility feature of these composites 
are provided by their multiple cracking behaviors. Owing 
to this behavior, ECC demonstrate strain-hardening unlike 
plain and conventional fiber reinforced composites [11]. Af-
ter the first crack is occurred at the weakest section of the 
composites, loads mentioned upward which cause propa-
gation of crack abruptly, are held by fibers and transmitted 
to the other uncracked sections of matrix. Then, additional 
cracks occur in the sections where the load is transferred. 
This repetitive event prevents sudden collapse and achieve 
deformation hardening behavior and energy absorption ca-
pacity of composites rises considerably when compared to 
plain composites [12]. There are studies showing that the 
performance of these polymeric fiber reinforced composites 
can also be increased under fatigue loads. Mechtcherine and 
June (2007) studied the fatigue behavior of PVA-ECC under 
load controlled method and deformation controlled met-
hod. Under the fatigue loading, secant modulus of composi-
tes was calculated and change of rigidity of these composites 
were investigated in addition to cycle and cracks numbers. 
When the hysteresis curves were examined, it was observed 
that composites had high stiffness values at low deformation 
values in the initial cycles. Decreases in stiffness values were 
also observed with expanding hysteresis curves and increa-
sing deformation values as the number of cycles increased 
[13]. Another study conducted by Sui (2018), compared the 
fatigue performance of PVA-ECC and PE-ECC under flexu-
ral loading at the rates of 50%, 65, 80 and 90 of the flexural 
strength under static loading. Due to the inability of fibers 
to be actively used under low fatigue loading of ECC and 
because fatigue loads are mostly carried by the matrix at low 
fatigue loading, less crack numbers and deformation valu-
es were obtained. With the increase in the stress level, the 

Figure 1. The typical demonstrations for a) Load controlled method; b) 
Deformation controlled method.
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bart mixer was used. Cement and GBFS were mixed for 3 
minutes, then water was added and mixed for another 3 mi-
nutes. After that, HTPP fibers by 2% of total mixture volu-
me was added to the mixture and superplasticizer additive 
was added in order to distribute the fibers homogeneously 
to the whole matrix and the mixing process was continued 
for 3 more minutes. 12 samples were taken into dog-bone 
shaped steel molds. The dimensions of molds were shown 
in Fig. 2, which were manufactured in accordance with the 
recommendation of the Society of Japanese Civil Engineers 
[22]. After the specimens stayed for two days in molds, they 
removed and stayed for 28 days in lime-saturated curing 
pool at 20±2oC.

Shimadzu branded tensile tester was used for measure-
ment of fatigue performance of the specimens under tensile 
fatigue tests. The device has 50 kN load capacity and capable 
of repeated loading at 0.05 Hz with three cycles per minute, 

load measurement accuracy ± 1% between 1/1 and 1/1000 of 
the load cell capacity, vertical test area 1250 mm, horizontal 
test area (between columns space) is 500 mm countertop 
type (Fig. 3a). The bottom of the tensile mechanism has 
embedded, the upper side has jointed pin configure and it 
is allowed to apply of uniaxial tensile load to specimens. In 
order to measure displacement of the specimens during the 
test, four extensometers were used (Fig. 3b).

3 specimens from the prepared twelve specimens, ex-
posed to static tensile test for the determination of tensile 
strength and unit deformation. The uniaxial tensile test 
carried out with speed of 0.5 mm/min. Tensile strengths 
were calculated by dividing the maximum stress to cross-
sectional area of the composite and corresponding strain 
value to the maximum stress was determined as unit defor-
mation. Remaining nine specimens exposed to load cont-
rolled fatigue test at the stress levels of 80%, 90 and 110 of 
the tensile strength. During the test, frequency was set up 
constantly 0.05 Hz so as to each last take 20 seconds. After 
the fatigue failure tests were ended, the stress-strain curves 
of the specimens were drawn and the number of cycles were 
determined. The secant modulus values at 1., 10., 100., 1000. 
and the last cycle were computed as shown at Fig. 4 and 
the change of secant modulus values were investigated. In 
the equation, Esec: Secant modulus, σmax: Maximum applied 

Table 1. Mixture ratio of HCF.

Ingredients Cement

Granulated 
Blast 

Furnace 
Slag

Water Super-
plasticizer HTPP fiber

kg/m3 424 1059 466 8 18

Table 2. Chemical, physical and mechanical properties of the CEM I 42.5 
R cement.

Chemical Analysis (%)

SiO2    Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Cl-

18.57 4.95 3.11 63.94 0.98 0.37 0.75 3.07 0.006

Mechanical and Physical Properties

Compressive Strength 
(MPa) Specific 

gravity 
(g/cm3)

Specific 
surface 
(cm2/g)

Residue 
on 

0.090 
mm 

sieve 
(%)

Residue 
on 

0.045 
mm 

sieve 
(%)

Soundness 
(mm)

2 days 7 days 28 days

27.2 39.9 49.3 3.09 3370 0.7 19.3 0.5

Table 3. Chemical and physical properties of Granulated Blast Furnace 
Slag.

Chemical Analysis (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Cl-

39.98 11.06 0.77 32.95 10.26 0.34 0.0075

Physical Properties

Ignition loss  (%)
Specific 
gravity 
(g/cm3)

Specific 
surface 
(cm2/g)

Residue on 
0.090 mm sieve 

(%)

Residue on 
0.045 mm  sieve 

(%)

2.34 2.87 5500 0 0.40

Table 4. Physical and mechanical properties of HTPP fibers.

Specific 
gravity 
(g/cm3)

Diameter 
(μm)

Length 
(mm)

Fiber aspect 
ratio

Tensile 
strength 

(MPa)

Modulus of 
elasticity 

(GPa)

Elongation 
at failure 

(%)     

0.91 12 10 833 850 6 21

Figure 2. Dog-bone shaped steel molds [22].

Figure 3. a) Laboratory countertop type tensile test machine, b) tensile 
test setup.
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stress, σmin: Minimum applied stress, εtotal: Total strain, εpl: 
Sum of plastic strain, εr: Recoverable strain. Finally, fatigue 
life graphs were drawn by the data obtained from stress-
strain curves.

RESULTS AND DISCUSSION

Uniaxial Static Tensile Test Results

Uniaxial static tensile tests were executed on 3 specimens, 
in order to determine the tensile strength of composites. 
The stress-strain curves were shown in Fig. 5, maximum 
stress and corresponding unit deformation values that 
obtained from these curves, are given Table 5. The ave-
rage tensile strength and the average unit deformation 
values of 3 specimens were determined as 3.05±0.06 MPa 
and 3.84±0.54 %, respectively.

Fatigue Test Results

The stress-strain curves of cyclic loadings were given in 
Fig. 6. The applied stress, the unit deformation values, the 
number of cycles and cracks were calculated by using the 
curves and given in Table 6. On the graphs, 1., 10., 100., 
1000. and the last cycles of specimens are demonstrated 
different colors and at this cycles, rigidity changes (Esec 

values) of the specimens have been calculated which is 
goingto to be discussed in the next section (Fig.7).

When the graph at 80% stress level was examined (Fig. 
6a), it was observed that the specimens exhibited average 
1127 cycles, 1.27% unit deformation value and 6 cracks be-
fore the collapse failure (Table 6). When fatigue loading was 
increased to 90% stress level, the average number of cycles 
decreased to 215 and the unit deformation value increased 
to 1.89% (Fig. 6b; Table 6). There was no significant chan-
ge in the average number of cracks, the average number of 
cracks was determined to be 8. In the series where the hig-
hest stress level was applied (110%), the specimens exhibited 
an average of 38 cycles despite being exposed to dynamic 
loading at a level above the static strength, and the average 

Figure 4. Computing method of change of the secant modulus [23].

Figure 5. The stress-strain curve of uniaxial static tensile tests.

Table 5. The results of the uniaxial static tensile tests.

Specimen Ultimate tensile static 
strength (MPa) Tensile static strain (%)

HCF-1 2.99 4.45

HCF-2 3.13 3.12

HCF-3 3.02 3.96

Average 3.05 ± 0.06 3.84 ± 0.54

Figure 6. Fatigue tests graphs applied at the different stress levels a) 80%, b)90%, c) 110%.
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number of cracks doubled and reached to 15 (Fig. 6c; Table 
6). Compared to other series, the significant increase in mul-
tiple cracking behavior increased the unit deformation value 
of the samples to an average of 2.60%.

Secant Modulus Results

Within the scope of the study, the changes of secant mo-
dulus (Esec) were calculated and given in Fig. 7. At the 80% 
and 90% stress levels, the change of Esec values were found 
to be similar to each other’s. At the beginning, both se-
ries exhibited high Esec values however these values dec-
reased by increased number of cycles. It was determined 
that average number of cycle was 1127 at the 80% stress 
level and 215 at the 90% stress level. Although high unit 
deformation values were achieved in the samples exposed 
to 110% stress level, the Esec values were calculated remar-
kably low when compared to 80 and 90%. The reason for 
this is thought to be the early micro cracking as a result 
of the relatively high dynamic loading. With the trigge-
ring of multiple crack mechanism, the rapid increase in 
the number of micro cracks in a short time caused high 
plastic deformation in the samples (Fig.7). This situation 
caused the Esec values to remain at lower values compared 
to the other series since the first cycle.

The stress-cycles to failure graph (S-N) is presented in 
Fig. 8. As expected, the number of cycles to failure gradu-
ally increased with decreased stress level. Also, there was a 
strong correlation with a correlation coefficient of R = 0.99.

CONCLUSION

In this study, the fatigue performance of HTPP-ECC has 
been investigated at 80, 90 and 110% stress levels by load 
controlled method. The results are given below:

• As a result of the static tensile test, the composites
exhibited an average tensile strength of 3.05 ± 0.06 MPa 
and an average unit deformation of 3.84 ± 0.54 %. By using 
HTPP fibers in the production of ECC has increased both 
the tensile strength and unit deformation when compared 
to conventional cement-based composites.

• When the number of cycles performed at three stress
levels are examined, it is seen that high cycle numbers are 
reached at low stress level. With the increase in the stress 
level, decrease in the number of cycles were observed due 
to the higher tensile stress value the material is exposed to. 

• The most valuable part of this study as a contribution
to the literature is that HTPP-ECC have reached an average 
of 38 cycles, although it is loaded with a stress much higher 
than its tensile strength (110% stress level). It is thought that 
the reason for this is that the fatigue loading speed is faster 
than the static tensile loading speed, so the HTPP fibers in 
the composite take a much more active role and can with-
stand considerable cycles at these levels with the feature of 
more active multiple crack behavior.

• The secant modulus (Esec) of the samples loaded at
80% and 90% stress levels were obtained higher, initially. 
However, these values gradually decreased as the number of 
cycles increased. Although high strain values were reached 

Table 6. Fatigue test results obtained at 80, 90 and 110% stress levels.

Specimen Applied stress 
(MPa)

Unit 
deformation 

(%)

Cycle 
(N)

Crack number 
(n)

HCF80-1 1.01 1142 5

HCF80-2 2.435 1.72 929 5

HCF80-3 1.40 1311 7

Average 1.37 ± 0.29 1127 ± 156 6

HCF90-1 1.71 222 9

HCF90-2 2.740 2.07 125 7

HCF90-3 2.53 298 9

Average 1.89 ± 0.46 215 ± 71 8

HCF110-1 1.92 19 13

HCF110-2 3.350 2.07 27 18

HCF110-3 3.83 67 15

Average 2.60 ± 0.86 38 ± 21 15

Figure 7. The graph of secant modulus changes of HTPP-ECCs at the 
different stress level.

Figure 8. The stress-cycles to failure graphs (S-N) obtained from at 80, 
90 and 110% stress level values.
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in the samples exposed to a fast loading above the capacity 
with 110% stress level, the secant modulus values remai-
ned lower when compared to 80 and 90% stress level. This 
phenomenon can be explained by the fact that the relatively 
high dynamic loading triggers the multiple crack mecha-
nism early and the rapid increase in the number of micro 
cracks in a short time causes high plastic deformation in the 
samples.
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