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Abstract: As one of the main raw materials of engineered cementitious composite (ECC), fly ash
exerts the “ball effect” and “pozzolanic effect” in concrete, which improves the working performance
of concrete and enhances the strength of the concrete matrix. Polyvinyl alcohol (PVA) fiber has been
widely used in the preparation of ECC, while ground fly ash can be used to enhance the performance
of ECC as a kind of high-activity admixture. In this paper, the compressive strength, flexural strength
and flexural toughness of ECC prepared from different types of fly ash (raw fly ash, sorted fly ash and
ground fly ash) are compared, and the rheological properties of the ECC are analyzed by studying
the two parameters of yield stress and plastic viscosity. The results show that the smaller the particle
size of fly ash is, the more sufficient it reacts with Ca(OH)2 produced by cement hydration, and the
more it can improve the compressive strength and flexural strength of the matrix. In addition, the
smaller the particle size of fly ash, the higher the yield stress and plastic viscosity of ECC; therefore,
the distribution of PVA fiber in ECC is more uniform, thereby improving the flexural toughness and
ductility of ECC.

Keywords: engineered cementitious composite; PVA fiber; ground fly ash; flexural toughness;
rheological properties

1. Introduction

Cement−based composite materials have been the most widely used building ma-
terials since the 19th Century, due to their advantages of abundant raw materials, low
production cost, high strength, good adaptability and convenient construction [1]. However,
due to the shortcomings of high brittleness and low strain of cement−based composites,
brittle cracks and failure will occur when the ultimate load is reached, which limits the
application of cement-based composites [2]. Therefore, it is very important to develop
cement-based composites with high ductility.

Some scholars have improved the toughness and ductility of the matrix by adding
fibers. Marcalikova studied the influence of different types and quantities of steel fibers on
the ductility of the matrix [3]. The results show that tensile strength and fracture energy
increase with the increase of steel fiber content. Steel fibers can significantly enhance
the strength of concrete and effectively reduce the occurrence of large cracks, but the
improvement effect on small cracks is not good. Pujadas [4] studied the cracking problem
of concrete by adding plastic fibers. It found that the fracture mechanical properties of
plastic fiber concrete were not fundamentally different from ordinary concrete, and the
brittle failure and cracking problems of concrete could not be solved.
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In 1990, Professor Victor Li [5] from the University of Michigan, USA, based on
the theories of micromechanics and fracture mechanics, optimized the performance and
relationship between fiber, cement-based material and interface transition zones, and
designed a new engineered cementitious composite (ECC) with pseudo strain-hardening
characteristics and multi−crack−cracking characteristics [6]. When ECC is damaged by
bending, it experiences elastic stage, yield stage, strengthening stage and failure stage. In
the strengthening stage, when the stress exceeds the cracking strength, the stress−strain
curve does not decrease but fluctuates. In this process, ECC continuously absorbs energy
and produces many tiny cracks. The tensile strain of ECC is 2~5%, which is hundreds
of times that of ordinary concrete, so it is widely used in repairing structures, seismic
structures, long-span structures and other structures [7].

Haskett [8] studied the compressive zone and tensile zone of ECC beams, and found
that PVA fiber in the compressive zone effectively restrained the cracking of concrete,
slowed down the damage of the internal structure and transferred tensile stress in the
tensile zone. Therefore, PVA fiber concrete has good ductility and good performance after
cracking. In order to study the influence of fiber on the bending properties of concrete.
Li [9] studied the influence of different fiber content on the flexural properties of concrete
by conducting three−point bending tests on notched beams. The results show that the
addition of fibers can improve the peak strength and fracture energy of the matrix, and
reduce the crack growth rate and initial crack width. Through a PVA fiber pull-out test and
a bending test, Niu [10] studied the influence of PVA fiber matrix interface properties on
ECC performance. The results show that the ECC with good ductility cannot be obtained
by directly adding PVA fiber, and that the interface property between fiber and the matrix
determines the effect of PVA fiber. In recent years, some studies have shown that the
addition of fly ash [11–15] can improve the mechanical properties of cementitious materials,
and can also be used to improve the mechanical properties of ECC. In general, ordinary
cement-based composites use 10−25% fly ash instead of cement, and engineering cement-
based composites use approximately 40–60% fly ash, thus achieving superior environmental
performance [16].

Research by Zhang [17] shows that the addition of fly ash improves the later hydrate
age compressive strength of ECC. With the increase in temperature, the high content fly
ash group showed good strain−hardening characteristics, while the low content fly ash
group showed obvious deterioration in tensile properties. Jamal Khatib [18] used different
amounts of fly ash instead of cement to study its effect on the strength of ECC beams. The
results show that 20% fly ash has the highest compressive strength, tensile strength and
elastic modulus. The three−point bending test shows that the beam with 20% fly ash has
the best bearing capacity and ductility.

Adding a certain amount of fly ash into ECC can improve its mechanical proper-
ties. However, some scholars [19] have studied that when the addition of fly ash in
self−compacting concrete is too high, there are less CSH cementitious materials generated
by cement hydration reaction, and a large number of unreacted fly ash particles remain in
the matrix, leading to the reduction of matrix strength and resulting in a low utilization
rate of fly ash. In order to improve the utilization of fly ash, the activity of fly ash can be
improved by reducing the particle size of fly ash after separation or mechanical grinding.
Ma [20] and Chen [21] found that, compared with the original fly ash, the finely ground fly
ash was more likely to exert the pozzolanic effect and higher strength. However, due to
the change in morphology, ground fly ash will affect the dispersion of PVA fibers in the
matrix, which will enhance the strength of the matrix and affect the working performance
of concrete.

In summary, most scholars have studied the influence of fly ash content on ECC
performance without considering the influence of fly ash type on ECC. Therefore, based on
the preparation of PVA fiber ECC, finely ground fly ash, undisturbed fly ash and separated
fly ash were added in this paper. The effects of different types of fly ash on the mechanical
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and rheological properties of concrete were studied, and the mechanism of different types
of fly ash on the mechanical and rheological properties of ECC was also revealed.

2. Materials and Methods
2.1. Materials

The fly ash used in the test came from the Yanshi China Resources Power Plant;
chemical composition is shown in Table 1. In order to analyze the effect of fly ash with
different types, the fly ash was sorted and milled. The sorting process used pneumatic
sorting to obtain fly ash that meets the requirements of Class I fly ash, and the grinding
process used a laboratory SM−500 ball mill for 30 min to obtain ground fly ash. The size
distribution curves (see Figure 1) and SEM images (see Figure 2) of the raw fly ash, the
sorted fly ash and the ground fly ash were compared experimentally, and their performance
parameters are shown in Table 1.

Table 1. Chemical composition of cement and fly ash (wt%).

Chemical
Composition CaO SiO2 Al2O3 Fe2O3 MgO SO3 Others

Cement 61.74 16.44 4.78 3.52 2.67 3.69 7.16
Fly ash 3.54 53.72 28.11 11.55 0.78 0.42 1.88

Figure 1. Laser particle size distribution curve of fly ash.

Figure 2. SEM image of fly ash: (a) raw fly ash; (b) sorted fly ash; (c) ground fly ash.

As shown in Figures 1 and 2, the particle size of the raw fly ash was mostly distributed
in 1~250 µm, and the shape was mostly spherical particles with a smooth surface. After
sorting, the particle size of the fly ash was concentrated between 2 and 200 µm, and the
particle morphology was spherical particles with a smaller particle size than that of the raw
fly ash. The particle size of the ground fly ash was concentrated between 1 and 90 µm, and
because the shell wall of the fly ash was damaged in the grinding process, many irregular
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particles and fly ash with a smaller particle size were produced. Therefore, the difference
between the three types of fly ash mainly lay in particle size and morphology.

The cement adopted was P·O 42.5 ordinary Portland cement, produced by Henan
Tianrui cement factory; the chemical composition is shown in Table 1. The quartz sand
apparent density was 2.6 g/cm3. The PVA fiber used was Japanese Kuraray fiber, with an
elastic modulus of 43 GPa, a tensile strength of 1469 MPa and an ultimate elongation of
6.3%. The emulsion powder was German Wacker brand, and the apparent density was
450 g/L.

2.2. Specimen Preparation

The test was conducted in accordance with the test method specified in the Chinese
National Standard GB/T 17671/2021 “Test Method for Cementitious Sand Strength (ISO
Method)”. By mixing different particle sizes of fly ash, mortar test blocks were prepared
with the specifications of 40 mm × 40 mm × 160 mm. The water cement ratio was 0.35, the
volume admixture of PVA fiber was 2% and the mass admixture of rubber powder was
1.8%; the test proportion is shown in Table 2. The prepared mortar blocks were placed in a
standard environment for 3 days and 28 days.

Table 2. Proportional design of ECC/g.

Number Cement Raw Fly
Ash

Sorted
Fly Ash

Ground
Fly Ash

Quartz
Sand

Emulsion
Power

PVA
Fiber Water Water

Reducer

P1 968.4 107.6 0 0 484 26.9 23.96 376.6 5.38
P2 968.4 0 107.6 0 484 26.9 23.96 376.6 5.38
P3 968.4 0 0 107.6 484 26.9 23.96 376.6 5.38

The specimens were prepared as follows: add cement, rubber powder and fly ash into
the cement mortar mixer, and slowly stir for 60 s at a speed of 140 r/min. After the mixing
is uniform, add water and water reducer and continue mixing for 30s. After adding quartz
sand, slowly stir for 30 s, and quickly stir for 60 s at a speed of 280 r/min. After adding
PVA fiber, slowly stir for 60 s, and finally quickly stir for 120 s to complete the mixing. The
mixture was then poured into a mold, vibrated and cured at room temperature for 24 h.
Finally, the mixture was cured in a standard curing room for 28 days.

2.3. Test Device and Methods
2.3.1. Compressive Strength and Flexural Strength Test

The prepared mortar blocks of three fly ash types were maintained for 3 days and
28 days, and then they were tested for compressive strength and flexural strength according
to GB/T17671−2021 “Test Method for Cementitious Sand Strength (ISO Method)”.

2.3.2. Bending Toughness Test

The load deflection curve and bending toughness of the mortar blocks of different ages
were tested using a UTM−5105 testing machine (produced by JiNan LiHua test system Co.,
Ltd., see Figure 3) at a loading speed of 0.2 mm/min. The bending test refers to Chinese
local standard DBJ61/T 112−2021 technical specification for application of ECC, and the
bending toughness test was conducted on mortar blocks after curing for 3 days and 28 days.
The bending toughness of the mortar block was calculated with reference to DBJ61/T
112−2021. The calculation formula is as follows:

We
u =

Ωu

bh2 (1)

where, We
u represents the equivalent bending toughness; Ωu represents the area enclosed

by the deflection and curve corresponding to 0.85 times of the peak load; b, h represent the
width and height of the block, respectively.
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Figure 3. UTM−5105 testing machine.

2.3.3. Rheological Test

The PVA fiber and quartz sand were removed from the original proportion to obtain
a fly ash slurry, and the rheological properties were tested using an RST−SST rheometer
(see Figure 4) produced by Brookfield, Massachusetts, USA, to analyze the effect of the
different types of fly ash on the matrix properties [22]. The yield stress and plastic viscosity
are calculated as follows:

τ = τ0 + µγ (2)

where, τ represents the shear stress; τ0 represents the yield stress; µ represents the plastic
viscosity; γ represents the shear rate.

Figure 4. RST−SST rheometer.

3. Result and Discussion
3.1. Effect of Different Types of Fly Ash on Compressive and Flexural Strength of ECC

The test results are shown in Figure 5. From Figure 5a, it can be seen that the compres-
sive strength of the mortar blocks increases with the decrease in the fly ash particle size.
For the 3 days compressive strength, the P3 group improves by 11.4% and 5.8% compared
to the P1 and P2 groups, and for the 28 days compressive strength, the P3 group improves
by 9.7% and 4.2% compared to the P1 and P2 groups, respectively. The hydration products
of cement paste are mainly CSH and Ca(OH)2, after the addition of fly ash. Since fly ash
is a kind of artificial pozzolanic admixture, its hydration reaction can only be carried out
under alkali excitation. The hydration reaction speed of raw fly ash particles is slow, so they
basically do not participate in the hydration reaction in the early stage and pores appear
around the fly ash particles, which increases the porosity in the ECC paste and decreases
the matrix strength. Combining Figures 1 and 2, it can be seen that the particle size of
the fly ash after sorting and grinding is significantly reduced, and the fly ash can fully
fill the pores in the mortar block and increase its compactness. Therefore, for the 3 days
compressive strength P3 > P2 > P1.
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Figure 5. Mechanical property curve of ECC prepared with different types of fly ash: (a) compressive
strength; (b) flexural strength; (c) flexural compression ratio.

With the increase of hydration age, SiO2, Al2O3 and other silicates in fly ash react with
Ca(OH)2 generated by the hydration reaction of cement, occurring as a secondary hydration
reaction [23] to produce hydrated calcium silicate, which fills the pores in the matrix and
enhances the strength of the matrix. Compared with the raw fly ash, the particle size of the
sorted fly ash is reduced, the specific surface area is increased and, when the water−cement
ratio is reduced under the condition of maintaining the same water consumption, the fly
ash can give rise to the pozzolanic effect and react with Ca(OH)2. Meanwhile, the particle
size is small, and the particles can fill the pores in the slurry well, making the fly ash cement
slurry denser. Therefore, the P2 ECC shows a higher compressive strength than that of
P1 ECC. The P3 ECC with the ground fly ash shows better mechanical properties because
its particle morphology is greatly damaged; the internal active substances are released,
and it more easily reacts with Ca(OH)2 in the cement slurry. Therefore, for the 28 days
compressive strength P3 > P2 > P1.

It can be seen in Figure 5b that the flexural strength of the mortar block increases with
the decrease in the fly ash particle size. Compared with the P1 and P2 groups, the flexural
strength of the P3 group increased by 23.14% and 9.91% at 3 days, and by 18.92% and
10.69% at 28 days, respectively. The flexural compression ratio is one of the indexes used
to measure the toughness of concrete; the larger its value, the better the toughness of the
concrete. According to Figure 5c, as the particle size of the fly ash decreases, the flexural
compression ratio increases, indicating that the smaller the particle size of ground fly ash
is, the more conducive it is to the development of mortar block toughness. This is because
not only does the ground fly ash give rise to the pozzolanic effect and microaggregate
effect, and increase the matrix strength, but it also improves the dispersion uniformity of
the PVA fiber in the matrix to a certain extent. When cracks appear in the mortar block,
countless PVA fibers randomly distributed on both sides of the crack provide excellent
crack resistance and limit the further expansion of cracks. The fibers in group P3 are more
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evenly distributed than those in groups P1 and P2, and the proportion of fibers bearing
tensile stress increases; thus showing higher flexural strength.

3.2. Effect of Different Types of Fly Ash on Bending Toughness of ECC

Figure 6 shows the load deflection curves of the ECC prepared with different types
of fly ash. The ECC prepared with different types of fly ash shows good strain-hardening
characteristics [24] under load. As can be seen in Figure 6b, the fracture load of the P3
group at 28 days was 2954 N. Compared with the P1 and P2 groups, the fracture load of
P3 group increased by 33.6% and 27.8%, respectively. When cracks appear in the mortar
block under load, they do not form complete cracks immediately, but continue to carry and
continuously produce microcracks under the anchoring action of the PVA fibers between
the cracks. In the strain-hardening stage, the deflection of the P3 group increased the most,
reaching 1.577 mm; compared with the P1 and P2 groups, it increased by 60.9% and 51.6%,
respectively, indicating that the P3 group has the largest deformation capacity and ductility
in this stage. At the same time, the area of the load-deflection curve of the P3 group is
the largest, and it shows that the P3 group test block absorbs the most energy and has
the strongest toughness during bending failure. Therefore, the P3 group shows better
bending toughness and ductility under load. According to the calculation formula (1), the
calculation results are shown in Table 3.

Figure 6. Load deflection curve of ECC prepared with different types of fly ash: (a) 3 days load
deflection curve; (b) 28 days load deflection curve.

Table 3. Bending toughness of ECC prepared with different types of fly ash kJ/m3.

Date P1 P2 P3

3 days 23 36 60
28 days 32 42 85

According to the calculation results of equivalent bending toughness, compared with
the P1 and P2 groups, the bending toughness of the P3 group increased by 160.8% and
66.7% at 3 days and by 165.6% and 102.4% at 28 days, respectively. As the particle size
of the fly ash decreases, the bending toughness of the mortar block increases. Combined
with Figure 5c, the flexural compression ratio is P3 > P2 > P1. With the decrease in the fly
ash particle size, the flexural compression ratio increases, which shows that the ECC made
of ground fly ash composite PVA fiber has better flexural toughness. This is because the
ground fly ash improves the uniformity of the PVA fiber dispersion in the matrix. When
cracks appear, more evenly distributed fibers can play a better role in controlling crack
propagation. At the same time, the irregularly shaped ground fly ash particles weaken the
“ball effect”, and a large number of closely packed fly ash particles enhance the friction
between the fiber and the matrix, improve the fiber interface bonding performance and
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improve the fiber reinforcement effect so as to significantly improve the bending toughness
of the mortar block.

3.3. Effect of Different Types of Fly Ash on Rheological Properties of ECC

In order to explore the influence of different types of fly ash on the dispersion effect of
the PVA fiber in the concrete, we carried out experiments on the rheological properties of
fly ash with different types, and we evaluated its rheological properties by studying yield
stress and plastic viscosity [25]. The test was conducted to prepare slurry by removing the
PVA fiber and quartz sand on the basis of the original ratio. The shear stress curve and
plastic viscosity curve are shown in Figure 7.

Figure 7. Rheological property curve of ECC prepared with different types of fly ash: (a) shear stress
curve; (b) plastic viscosity curve.

As a viscoplastic material, fresh cement paste needs to overcome the yield stress before
flow can occur, which belongs to non−Newtonian fluids [26]. According to Figure 7a, the
shear rate is low and the cement slurry undergoes elastic deformation. When the shear
stress reaches a certain value, the material in the slurry flows so that the maximum shear
stress required for the flow of the slurry material is the static yield stress. The P1, P2 and
P3 groups reached 393.11 Pa, 1248.53 Pa and 1582.37 Pa, respectively. As the shear rate
increases, the particles agglomerated inside the slurry are subjected to shear stress, the
agglomerated structure is destroyed [27], the agglomerated structure is dispersed as the
particles flow along the direction of shear and the flow resistance decreases, corresponding
to the image of the falling section after the static yield stress. When the shear rate reaches
the critical value, only a low shear stress is required to maintain the flow of the cement
paste. When the shear rate exceeds the critical value, the organized flow state between
the particles is disturbed, the particles collide with each other to form new aggregates
and the shear stress increases. When the shear rate exceeds the critical value, the shear
stress increases linearly with the increase in the shear rate, showing the characteristics of a
typical Bingham model curve [26]. The critical value of the shear rate of the raw fly ash is
19.08 s−1. When the shear rate exceeds 19.08 s−1, the shear stress increases linearly at the
rate of 0.33 Pa·s. The critical value of the shear rate of the sorted fly ash and the ground fly
ash is about 50.13 s−1. When the shear rate is greater than 50.13 s−1, the shear rate of the
sorted fly ash increases linearly at a rate of 0.6 Pa·s, while the shear rate of the ground fly
ash increases linearly at a rate of 1.12 Pa·s.

In order to study the effect of the different particle sizes of the fly ash on the rheological
properties of the slurry, two rheological parameters, yield stress τ0 and plastic viscosity
µ, were experimentally analyzed, and their rheological equations were fitted based on the
Bingham model for fresh cement slurry according to the calculation formula (2). The results
are shown in Table 4.
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Table 4. Rheological equation of ECC prepared with different types of fly ash.

Number Yield Stress τ0 Plastic Viscosity µ Rheology Equation

P1 164.0 0.33 τ= 0.33γ + 164

P2 240.9 0.60 τ= 0.6γ + 240.9

P3 246.9 1.21 τ= 1.21γ + 246.9

As the ratio of the shear stress and shear rate, plastic viscosity represents the sum
of the internal friction resistance of the slurry; the greater the plastic viscosity, the worse
the fluidity of the slurry. The plastic viscosity of the three slurries showed a decreasing
trend, and then an increasing trend with the increase in the shear rate; that is, the plastic
viscosity of the slurry showed the shear−thinning phenomenon first with the increase in
the shear rate. When the shear rate increases to a critical value, the plastic viscosity of the
slurry gradually increases and stabilizes [28]. Combined with Table 4, the plastic viscosity
of group P1 is the lowest, at only 0.33 Pa·s, that of group P2 is 0.6 Pa·s and that of group P3
is the highest, reaching 1.21 Pa·s.

According to Figure 2a, the different particle sizes and morphologies of fly ash, the
raw fly ash has spherical particles with smooth surfaces, giving rise to the ball effect in
cement. This is conducive to the relative sliding between slurry particles, thus showing a
lower yield stress and plastic viscosity. Compared with the raw fly ash, the sorted fly ash
has spherical particles, but the particle size is smaller, and the specific surface area is larger.
Under conditions where the water−cement ratio remains unchanged, the free water acting
as lubrication between the slurry particles decreases, and the friction between the particles
increases, so as to increase the yield stress and plastic viscosity. The particle size of the
ground fly ash is the smallest, and the specific surface area is the largest. Therefore, the free
water content between the particles playing a role in lubrication is reduced, which increases
the friction force in the slurry [29]. Moreover, the spherical particles of the ground fly ash
are transformed into angular particles under the same amount of fly ash; the number of
spherical particles is reduced, weakening the morphology effect. Moreover, due to the
existence of angular particles, the friction force between the particles is increased, so group
P3 shows the highest yield stress and plastic viscosity.

The ground fly ash shows a high yield stress and plastic viscosity. When mechanical
vibration occurs, the fiber can flow only after overcoming the large internal resistance of
the slurry; it is evenly dispersed in the matrix and does not easily float. Therefore, the P3
group shows a better flexural strength and bending toughness.

4. Conclusions

This study reported the outcomes of experimental and theoretical analyses on the
compressive strength, flexural strength and flexural toughness of ECC prepared from fly
ash with different preparation methods. The ECC was added with different types of fly
ash (raw fly ash, sorted fly ash and ground fly ash). Considering different types of fly ash,
the mechanical characteristics of ECC were studied by measuring the mortar compressive
strength, flexural strength and bending toughness, and the rheological properties of ECC
were studied by measuring the fly ash slurry rheological test. The following conclusions
were drawn:

1. Compared with raw fly ash and sorted fly ash, ground fly ash has a smaller particle
size and a larger specific surface area. In the early stages of ECC hydration, it can
play a filling role and increase the density of the ECC matrix. Compared with ECC
prepared using raw fly ash and sorted fly ash, the 3 days compressive strength of
ground fly ash group ECC matrix increased by 11.4% and 5.8%, respectively. In the
later stages of ECC hydration, ground fly ash can better exert the pozzolanic effect
and generate more cementitious materials. Compared with ECC prepared using raw
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fly ash and sorted fly ash, the 28 days compressive strength of ground fly ash group
ECC increased by 9.7% and 4.2%, respectively.

2. As the particle size of fly ash decreases with the decrease of fly ash particle size, the
specific surface area increases. Under the condition of keeping the water cement
ratio of ECC unchanged, the friction force between particles of the ground fly ash
group ECC increases. Compared with the other two groups, the spherical particles
of ground fly ash change to become irregular angular particles, which weakens their
morphological effect, and increases the friction between particles in the ECC slurry.
Therefore, the ground fly ash group ECC shows the maximum yield stress 246.9 Pa
and plastic viscosity 1.21 Pa.s.

3. The ground fly ash increases the yield stress and plastic viscosity of cement ECC slurry,
thus improving the dispersion of PVA fiber in ECC. When the matrix is damaged
by bending, failure occurs in the matrix, though the ground fly ash group ECC
still maintains a good load−bearing holding capacity when reaching the peak load,
showing better flexural strength and bending toughness. Compared with the raw fly
ash group ECC and the sorted fly ash group ECC, the flexural strength of the ground
fly ash group ECC increased by 18.92% and 10.69% in 28 days, and the bending
toughness increased by 165.6% and 102.4% in 28 days, respectively.

The addition of fly ash has a certain effect on the improvement of the mechanical
properties of ECC, and also plays a role in improving its durability. It can also extend the
service time of ECC under complex soil conditions and extreme natural climates. The effect
of different types of fly ash on the mechanical properties of ECC with longer hydration
age requires further study. In addition, the influence of different types of fly ash on the
durability of ECC is also an important consideration for subsequent research.
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